Perieqìmena

1 Idiìthtec hmiagwgÿn 3 1.1 Poiotikă eisagwgă . . . . . . . . . . . . . . . . . . . . . . . . 3 1.2 EndogeneÐc kai exwgeneÐc hmiagwgoÐ . . . . . . . . . . . . . . . 5 1.3 Energeiakèc stĹjmec se exwgeneÐc hmiagwgoÔc . . . . . . . . . 8 1.4 Sugkentrÿseic forèwn . . . . . . . . . . . . . . . . . . . . . . 10 1.4.1 ExĹrthsh apì th jermokrasÐa . . . . . . . . . . . . . . 16 1.4.2 Upologismìc thc enèrgeiac Fermi . . . . . . . . . . . . 16 1.5 PARARTHMA . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2 HmiagwgoÐ se epafă 25 2.1 Epafèc p − n . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.2 H epafă p − n upì tĹsh . . . . . . . . . . . . . . . . . . . . . 32 2.3 Efarmogèc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2 PERIEQ§OMENA

KefĹlaio 1

Idiìthtec hmiagwgÿn

1.1 Poiotikă eisagwgă

’Opwc eÐnai gnwstì, ta hlektrìnia twn memonwmènwn atìmwn twn stoiqeÐwn tou periodikoÔ pÐnaka brÐskontai se diakekrimènec kbantikèc idiokatastĹseic pou qarakthrÐzontai apì sugkekrimènec timèc thc enèrgeiac, dhladă se energeiakèc stĹjmec. ’Otan den exetĹzoume thn katĹstash tou memonwmènou atìmou, allĹ mac apasqoloÔn ta Ðdia Ĺtoma ìtan brÐskontai s’ ènan krÔstallo, apodeiknÔetai me diafìrouc trìpouc ìti oi energeiakèc stĹjmec metatrèpontai se (epitreptèc) energeiakèc zÿnec, dhladă perioqèc thc enèrgeiac ìpou mporoÔn na kinoÔntai oi foreÐc fortÐou. MetaxÔ twn epitrepomènwn energeiakÿn zwnÿn parembĹllontai oi legìmenec apagoreumènec energeiakèc zÿnec, prĹgma pou shmaÐnei ìti oi foreÐc fortÐou den eÐnai dunatìn na èqoun enèrgeia pou na empÐptei se apagoreumènh energeiakă perioqă. Oi idiìthtec agwgimìthtac twn ulikÿn mporoÔn na qarakthristoÔn plărwc, an exetĹsoume to polÔ tic dÔo epitreptèc zÿnec me thn uyhlìterh enèrgeia.

Pio sugkekrimèna, Ĺn h uyhlìterh energeiakă zÿnh eÐnai katĹ èna mèroc mìno gemĹth, tìte kai èna elĹqisto exwterikì hlektrikì pedÐo eÐnai dunatìn na jèsei ta hlektrìnia se kÐnhsh, diìti upĹrqoun diajèsimec stĹjmec me enèrgeia polÔ kontĹ se antăn pou ădh diajètoun, opìte h metĹbasă touc ekeÐ eÐnai eÔkolh. AutĹ ta ulikĹ lègontai mètalla kai qarakthrÐzontai metaxÔ Ĺllwn kai apì th megĹlh hlektrikă touc agwgimìthta. Ex Ĺllou upĹrqoun ulikĹ pou h uyhlìterh energeiakă touc stĹjmh (pou lègetai zÿnh sjènouc) eÐnai gemĹth me hlektrìnia. Autì shmaÐnei ìti autĹ ta hlektrìnia den mporoÔn na kinhjoÔn eÔkola, giatÐ oi stĹjmec me enèrgeiec paraplăsiec me th dikă touc eÐnai kateilhmmènec. H mình perÐptwsh na kinhjoÔn eÐnai na apoktăsoun apì kĹpoio exwterikì aÐtio arketĹ megĹlh prìsjeth enèrgeia, ÿste na mporèsoun na metaphdăsoun sthn amèswc epìmenh energeiakă zÿnh pou lègetai zÿnh agwgimìthtac kai apèqei apì th zÿnh sjènouc katĹ to legìmeno energeiakì qĹsma E_G pou eÐnai arketĹ megĹlo (thc tĹxhc twn 10eV ). Aută h metapădhsh eÐnai exairetikĹ dÔskolh kai ta ulikĹ autĹ, pou lègontai monwtèc, èqoun polÔ megĹlh hlektrikă antÐstash. Tèloc, upĹrqei mia eidikă kathgorÐa monwtÿn, pou to energeiakì touc qĹsma tuqaÐnei na eÐnai mikrì (thc tĹxhc tou 1eV ) opìte kĹpoio posostì hlektronÐwn thc zÿnhc sjènouc mporoÔn na perĹsoun (p.q. lìgw jermikăc diègershc) sth zÿnh agwgimìthtac kai na dÿsoun mia asjenikă agwgimìthta. AutĹ ta ulikĹ lègontai (endogeneÐc) hmiagwgoÐ.

Ta hlektrìnia pou kinoÔntai sth zÿnh agwgimìthtac qarakthrÐzontai apì ènan kumatikì arijmì ⃗k pou sundèetai me thn enèrgeia E mèsw thc sqèshc diasporĹc E = E(⃗k). H zÿnh agwgimìthtac qarakthrÐzetai apì kĹpoia elĹqisth enèrgeia (h opoÐa mporeÐ na shmeiÿnetai gia perissìterouc apì ènan kumatikoÔc arijmoÔc, opìte èqoume pollĹ isodÔnama elĹqista) kai kĹpoia mègisth enèrgeia. ’Estw ìti h elĹqisth enèrgeia sth zÿnh agwgimìthtac eÐnai E_C . Tìte sunhjÐzetai na anaptÔssei kaneÐc th sqèsh diasporĹc perÐ ton antÐstoiqo kumatarijmì ⃗k_0 kai, an to ulikì eÐnai (gia aplìthta) isìtropo, na brÐskei thn proseggistikă sqèsh diasporĹc: E(k) ≃ E_C + 1 2 ∂^2E ∂k^2 | | | | |_{k=k0} (k − k^0)

2 ≡ E_C + h̄^2(k − k_0)^2 2m^∗_n . Aută h sqèsh orÐzei th legìmenh energì mĹza m^∗_n tou hlektronÐou, pou genikĹ den isoÔtai me th mĹza tou hlektronÐou pou metrĹme ston eleÔjero qÿro. H posìthta E_C , to elĹqisto thc zÿnhc agwgimìthtac, eÐnai polÔ shmantikă parĹmetroc.

AnaforikĹ me th zÿnh sjènouc isqÔoun anĹloga prĹgmata, mìno pou h shmantikă parĹmetroc eÐnai to mègisto E_V thc zÿnhc sjènouc, to opoÐo brÐsketai pĹnta sto shmeÐo (0, 0, 0) kai h antÐstoiqh proseggistikă sqèsh diasporĹc eÐnai h E(k) ≃ E_V + 1 2 ∂^2E ∂k^2 | | | | |_{k=(0,0,0)} k 2 ≡ E_V − h̄^2k^2 2m^∗_p , ap’ ìpou orÐzetai h energìc mĹza twn opÿn m^∗_p. Edÿ qreiĹzetai kĹpoia exăghsh: afoÔ prìkeitai gia mègisto, h deÔterh parĹgwgoc eÐnai arnhtikă, gi’ autì èqoume eisagĹgei èna arnhtikì prìshmo, ÿste h m^∗_p na prokÔptei jetikă. EÐnai polÔ shmantikì to gegonìc ìti ta hlektrìnia ta opoÐa tuqìn ja metaboÔn sth zÿnh agwgimìthtac afănoun pÐsw touc èna kenì, pou to lème opă. KĹpoio geitonikì hlektrìnio eÐnai dunatìn na gemÐsei autì to kenì, allĹ tìte h dikiĹ tou jèsh ja meÐnei kenă, dhladă ja gÐnei opă. ’Ara h opă mporeÐ ki aută na kineÐtai kai h kÐnhsă thc ja qarakthrÐzetai apì th mĹza pou mìlic orÐsame. Bèbaia, oi opèc jewroÔntai jetikĹ fortismènoi foreÐc, afoÔ antistoiqoÔn sthn èlleiyh enìc arnhtikĹ fortismènou hlektronÐou. EÐnai profanèc ìti to energeiakì qĹsma ekfrĹzetai posotikĹ me th sqèsh:

E_G = E_C − E_V .

Tèloc, prèpei na anaferjeÐ ìti o kumatikìc arijmìc k den èqei nìhma na paÐrnei ìlec tic timèc tou pragmatikoÔ Ĺxona: to ginìmeno ka (ìpou to a ja mporoÔse na eÐnai h plegmatikă stajerĹ) prèpei na brÐsketai sto diĹsthma [−π, +π]. MegalÔterec apìlutec timèc tou ginomènou ja antistoiqoÔsan se qwrikèc metabolèc me măkoc kÔmatoc tìso mikrì pou oi talantÿseic ja sunèbainan metaxÔ twn iìntwn kai den ja ătan fusikĹ aniqneÔsimec. H anisìthta − π a ≤ k ≤ + π a orÐzei thn legìmenh (prÿth) zÿnh Brillouin sto qÿro twn kumatarijmÿn. Oi perioqèc stic opoÐec kinoÔntai h eidikă antÐstash kai h agwgimìthta gia monwtèc, hmiagwgoÔc kai agwgoÔc faÐnontai ston pÐnaka.

Idiìthtec agwgimìthtac ulikÿn UlikĹ Eidikă antÐstash ρ(Ohm · cm) Agwgimìthta σ(S/cm) Monwtèc 10^{18} − 10^8 10^{−18} − 10^{−8} HmiagwgoÐ 10^8 − 10^{−3} 10^{−8} − 10^3 AgwgoÐ 10^{−3} − 10^{−8} 10^3 − 10^8

1.2 EndogeneÐc kai exwgeneÐc hmiagwgoÐ

EndogeneÐc (intrinsic) onomĹzontai oi hmiagwgoÐ pou den èqoun prosmeÐxeic. Kat’ akoloujÐa den upĹrqoun foreÐc fortÐou stouc 0^oK. An h jermokrasÐa auxhjeÐ, ja upĹrxoun foreÐc lìgw jermikăc diègershc: hlektrìnia ja apoktăsoun arketă enèrgeia lìgw jermìthtac, ÿste apì th zÿnh sjènouc na anèboun sth zÿnh agwgimìthtac, afănontac tautìqrona èna kenì (opă) sth zÿnh sjènouc. EÐnai, loipìn, fanerì, ìti h sugkèntrwsh n twn hlektronÐwn kai h sugkèntrwsh p twn opÿn ja eÐnai Ðsec gia touc endogeneÐc hmiagwgoÔc:

n_i = p_i.

O deÐkthc i (apì to intrinsic) aplĹ epishmaÐnei ìti anaferìmaste se endogenă hmiagwgì.

ExwgeneÐc hmiagwgoÐ onomĹzontai ìsoi perièqoun prosmeÐxeic, oi opoÐec mporoÔn na diakrijoÔn se dÔo kathgorÐec, èqontac upìyh ìti kat’ arqăn ta Ĺtoma tou hmiagwgoÔ eÐnai tetrasjenă: (1) An to Ĺtomo miac prìsmixhc tÔqei na eÐnai pentasjenèc, ta tèssera apì ta pènte hlektrìnia ja sqhmatÐzoun desmoÔc me to ulikì tou hmiagwgoÔ, enÿ to pèmpto ja sundèetai asjenikĹ me to Ĺtomo proèleusăc tou, me pijanì apotèlesma na apomakrunjeÐ kai na paÐxei to rìlo tou eleÔjerou arnhtikoÔ forèa, enÿ tautìqrona ja afăsei pÐsw tou to jetikì iìn thc prìsmixhc. Tètoiou eÐdouc Ĺtoma lègontai dìtec. (2) An, antÐjeta, èna Ĺtomo prìsmixhc eÐnai trisjenèc, ta trÐa hlektrìniĹ tou ja sqhmatÐsoun desmoÔc me ta geitonikĹ Ĺtoma tou hmiagwgoÔ, allĹ apaiteÐtai Ĺllo èna hlektrìnio apì to tetrasjenèc peribĹllon: leÐpei èna hlektrìnio, to opoÐo pijanìn na sumplhrwjeÐ apì kĹpoio hlektrìnio tou hmiagwgoÔ dhmiourgÿntac mia opă kai tautìqrona fortÐzontac arnhtikĹ to Ĺtomo prìsmixhc. Tètoia Ĺtoma lègontai apodèktec.

Den eÐnai upoqrewtikì oi diergasÐec pou mìlic perigrĹjame na sumboÔn se ìla ta Ĺtoma twn prosmeÐxewn. ’Estw N_D h sugkèntrwsh twn sunolikĹ uparqìntwn atìmwn dìth kai N^+_D h sugkèntrwsh ìswn atìmwn telikĹ paraqwroÔn to hlektrìniì touc kai ionÐzontai jetikĹ. Ta antÐstoiqa megèjh gia ta Ĺtoma apodèktec eÐnai antÐstoiqa N_A kai N^−_A , enÿ n eÐnai h sugkèntrwsh twn arnhtikÿn forèwn (hlektronÐwn) kai p twn jetikÿn forèwn (opÿn). AfoÔ o hmiagwgìc ja eÐnai hlektrikĹ oudèteroc, to sunolikì arnhtikì fortÐo pou sugkentrÿnetai (hlektrìnia kai arnhtikĹ iìnta) prèpei na isoÔtai me to antÐstoiqo jetikì fortÐo (opèc kai jetikĹ iìnta):

n + N^−_A = p + N^+_D . (1.1)

FusikĹ, ta fainìmena thc jermikăc diègershc kai tou emploutismoÔ se prosmeÐxeic eÐnai dunatìn na sunupĹrqoun. TelikĹ o hmiagwgìc ja onomasjeÐ endogenăc an N^−_A << n_i, N^+_D << n_i. AntÐstoiqa ja onomasteÐ exwgenăc an N^−_A >> n_i eÐte N^+_D >> n_i. Gia exwgeneÐc hmiagwgoÔc: an N^−_A > N^+_D lègontai hmiagwgoÐ tÔpou p enÿ an N^−_A < N^+_D lègontai tÔpou n.

Ja doÔme argìtera ìti, ektìc apì th sqèsh (1.1) isqÔei kai h

n_np_n = n_pp_p = n^2_i , (1.2)

ìpou p.q. n_p sumbolÐzei th sugkèntrwsh twn arnhtikÿn forèwn n se hmiagwgì tÔpou p kai h ènnoia twn loipÿn sumbìlwn eÐnai anĹlogh. Oi dÔo

Sqăma 1.1: Sugkèntrwsh twn forèwn pleionìthtac (M) kai meionìthtac (m) sunartăsei thc diaforĹc stic sugkentrÿseic twn prosmeÐxewn.

sqèseic (1.1) kai (1.8) mporoÔn na qrhsimopoihjoÔn gia ton upologismì twn sugkentrÿsewn hlektronÐwn kai opÿn gia endogeneÐc kai exwgeneÐc hmiagwgoÔc. Upojètoume gia aplìthta ìti ìla ta Ĺtoma dìtec ă apodèktec eÐnai ionismèna: N^−_A = N_A, N^+_D = N_D.

Oi exisÿseic n_n + N_A = p_n + N_D, n_np_n = n^2_i , gia hmiagwgoÔc tÔpou n (N_D > N_A), dÐnoun ta apotelèsmata:

n_n = 1 2 [ (N_D − N_A) + √ (N_D − N_A)^2 + 4n^2_i ] , p_n = n^2_i n_n . Eidikÿtera, an meletoÔme safÿc exwgenă hmiagwgì tÔpou n, dhladă an isqÔoun oi sqèseic N_D >> n_i, N_A = 0, ta apotelèsmata autĹ grĹfontai proseggistikĹ me th morfă:

n_n ≈ N_D + n^2_i N_D ≈ N_D, p_n = n^2_i n_n ≈ n^2_i N_D . Gia ènan hmiagwgì pou eÐnai basikĹ endogenăc, enÿ oi sugkentrÿseic twn prosmeÐxewn ikanopoioÔn th sqèsh (0 < N_D − N_A << n_i), ÿste to ulikì na teÐnei elafrĹ proc touc hmiagwgoÔc tÔpou n, oi tÔpoi gia tic sugkentrÿseic paÐrnoun tic proseggistikèc morfèc:

n_n = n_i + N_D − N_A 2 , p_n = n_i − N_D − N_A 2 . To sqăma paristĹnei to phlÐko^{nn}_{ni} sunartăsei tou^{ND −NA}_{ni} kai sunoyÐzei autĹ pou mìlic eÐpame.

Oi exisÿseic n_p+N_A = p_p+N_D, n_pp_p = n^2_i , gia hmiagwgoÔc tÔpou p (N_A > N_D), dÐnoun ta apotelèsmata:

p_p = 1 2 [ (N_A − N_D) + √ (N_A − N_D)^2 + 4n^2_i ] , n_p = n^2_i p_p . Eidikÿtera, an meletoÔme safÿc exwgenă hmiagwgì tÔpou p, dhladă an isqÔoun oi sqèseic N_A >> n_i, N_D = 0, ta apotelèsmata autĹ grĹfontai proseggistikĹ me th morfă:

p_p ≈ N_A + n^2_i N_A ≈ N_A, n_p = n^2_i p_p ≈ n^2_i N_A .

Gia ènan hmiagwgì pou eÐnai basikĹ endogenăc, enÿ oi sugkentrÿseic twn prosmeÐxewn ikanopoioÔn th sqèsh (N_A − N_D << n_i), ÿste to ulikì na teÐnei elafrĹ proc touc hmiagwgoÔc tÔpou p, oi tÔpoi gia tic sugkentrÿseic paÐrnoun tic proseggistikèc morfèc:

n_p = n_i − N_A − N_D 2 , p_p = n_i + N_A − N_D 2 . ’Opwc eÐdame, ènac hmiagwgìc me prosmeÐxeic exakoloujeÐ na leitourgeÐ kai wc endogenăc hmiagwgìc. To ulikì lègetai exwgenăc hmiagwgìc an |N_A − N_D| >> n_i kai endogenăc an |N_A − N_D| << n_i. H tupikă timă tou n_i se jermokrasÐa dwmatÐou eÐnai 10^{10}cm^{−3}. SumperasmatikĹ, mia praktikă sunjăkh gia na eÐnai exwgenăc o hmiagwgìc eÐnai h |N_A − N_D| ≈ 10^{15}cm^{−3}.

1.3 Energeiakèc stĹjmec se exwgeneÐc hmiagwgoÔc

Ja exetĹsoume to jèma twn energeiakÿn stajmÿn gia touc exwgeneÐc hmiagwgoÔc tÔpou n pou prokÔptoun me thn prosjăkh pentasjenÿn atìmwn (p.q.As) se hmiagwgì me tetrasjenă Ĺtoma (p.q. Si.) Ta tèssera apì ta pènte Ĺtoma thc prìsmixhc ja sqhmatÐsoun desmoÔc me ta geitonikĹ Ĺtoma tou Si, allĹ to pèmpto paramènei qalarĹ sundedemèno me to mhtrikì Ĺtomo. Me th diatÔpwsh thc paliĹc Kbantikăc Mhqanikăc tou Bohr ja lègame ìti h aktÐna thc troqiĹc tou pèmptou hlektronÐou gÐnetai megĹlh kai perilambĹnei arketĹ Ĺtoma puritÐou, sunepÿc to hlektrìnio mporeÐ se kală prosèggish na perigrafeÐ mèsw miac tropopoihmènhc dunamikăc enèrgeiac

V (r) = ke^2 ϵ_rr , ìpou to ϵ_r eÐnai h sqetikă dihlektrikă stajerĹ tou Si, to k mia stajerĹ pou exartĹtai apì to sÔsthma monĹdwn pou qrhsimopoioÔme (p.q. sto diejnèc sÔsthma monĹdwn SI k =^1_{4πϵ0} ) kai e eÐnai to stoiqeiÿdec hlektrikì fortÐo. Ston kenì qÿro ϵ_r = 1, allĹ gia to purÐtio eÐnai ϵ_r = 11.7, prĹgma pou meiÿnei akìma perissìtero th zeÔxh tou pèmptou hlektronÐou. UpenjumÐzoume thn timă thc enèrgeiac gia ta udrogonoeidă Ĺtoma:

E_n = − mk^2e^4 2h̄^2n^2 = − ke^2 2a_0n^2 ≡ − E_R n^2 ,

1.3. ENERGEIAK§ES ST§AJMES SE EXWGENE§IS HMIAGWGO§US 9

ìpou me a_0 ≡^{h̄2}_{mke2} sumbolÐzetai h legìmenh aktÐna tou Bohr pou eÐnai Ðsh me thn pio mikră dunată aktÐna sto Ĺtomo tou Bohr kai eÐnai tupikă monĹda mètrhshc apostĹsewn se atomikì epÐpedo. H arijmhtikă thc timă eÐnai 0.529 Å. H enèrgeia E_R ≡ m_0k^2e^4

2h̄^2 = ke^2 2a_0 = 13.6eV lègetai enèrgeia Rydberg. Sthn perÐptwsh tou pèmptou hlektronÐou sto tropopoihmèno dunamikì, ă sqèsh pou dÐnei thn enèrgeia metatrèpetai sthn

E_D = − m^∗_nk^2e^4 2ϵ^2_rh̄^2 = − 1 ϵ^2_r m^∗_n m_0 m_0k^2e^4 2h̄^2 = − 1 ϵ^2_r m^∗_n m_0 E_R. Sth jèsh thc mĹzac tou hlektronÐou èqoume jèsei ston tÔpo thc enèrgeiac thn energì tou mĹza m^∗_n, h opoÐa den eÐnai upoqrewtikĹ Ðsh me th mĹza tou hlektronÐou ston eleÔjero qÿro, thn opoÐa sumbolÐzoume sto exăc me m_0. ’Ena sqìlio pou prèpei na gÐnei èqei na kĹnei me th stĹjmh anaforĹc thc enèrgeiac. Gia to Ĺtomo tou udrogìnou èna sqedìn eleÔjero hlektrìnio (èstw me megĹlo kÔrio kbantikì arijmì) èqei (toulĹqiston) mhdenikă enèrgeia. ’Omwc gia thn perÐptwsh tou hmiagwgoÔ èna hlektrìnio ja kinhjeÐ eleÔjera an ftĹsei sth zÿnh agwgimìthtac, dhladă an h enèrgeiĹ tou gÐnei (toulĹqiston) E_C . Epomènwc, an jèloume na akribologăsoume, h enèrgeia autoÔ tou hlektronÐou eÐnai E_D = E_C − 1 ϵ^2_r m^∗_n m_0 E_R. Gia^{m∗n}_{m0} = 0.5, ϵ_r = 11.7, h diaforĹ eÐnai: E_C − E_D ≃ 50meV. LambĹnontac upìyh ìti to energeiakì qĹsma eÐnai thc tĹxhc tou eV, eÐnai fanerì ìti h stĹjmh E_D brÐsketai elĹqista pio kĹtw apì to kĹtw ìrio E_C thc zÿnhc agwgimìthtac. Autì akribÿc to gegonìc mporeÐ na ermhneÔsei thn auxhmènh agwgimìthta twn hmiagwgÿn tÔpou n: ta hlektrìnia me enèrgeia E_D mporoÔn na metaphdăsoun eÔkola (toulĹqiston polÔ eukolÿtera ap’ ìti ta hlektrìnia thc zÿnhc sjènouc) sth zÿnh agwgimìthtac. AnĹloga epiqeirămata isqÔoun gia hmiagwgoÔc tÔpou p.

EÐnai qrăsimo na exetĹsoume thn tĹxh megèjouc thc aktÐnac thc troqiĹc tou pèmptou hlektronÐou tou dìth. Gia thn katĹ prosèggish ektÐmhsh thc aktÐnac arkeÐ h jewrÐa tou Bohr. H dÔnamh metaxÔ tou hlektronÐou kai tou purăna sto Ĺtomo tou udrogìnou lìgw èlxhc Coulomb leitourgeÐ wc kentromìloc dÔnamh: k^{e2}_{r2} =^{mv2}_r → (mvr)^2 = kme^2r. To aristerì mèloc eÐnai to tetrĹgwno thc stroformăc, pou prèpei na isoÔtai me (nh̄)^2, opìte r = h̄^2 kme^2 n^2 = a_0n^2.

Sthn perÐptwsh tou hmiagwgoÔ to hlektrìnio kineÐtai se peribĹllon me sqetikă dihlektrikă stajerĹ ϵ_r kai h mĹza prèpei na antikatastajeÐ me thn posìthta m^∗_n : r = ϵ_rh̄^2 km^∗_ne^2 n^2 = ϵ_r m_0 m^∗_n h̄^2 km_0e^2 n^2 = ϵ_r m_0 m^∗_n a_0n^2.

Gia ta dedomèna pou eÐqame kai prohgoumènwc (^{m∗n}_{m0} = 0.5, ϵ_r = 11.7), h elĹqisth aktÐna (n = 1) isoÔtai me r ≃ 23.4a_0 = 12.4Å. H plegmatikă stajerĹ (mèsh apìstash metaxÔ atìmwn puritÐou) isoÔtai me a_{Si} ≃ 5.4Å, dhladă^r_{aSi} ≃ 2.3. Autì to apotèlesma dikaiÿnei ek twn ustèrwn thn arqikă upìjesh thc qalarăc sÔndeshc tou pèmptou hlektronÐou, afoÔ shmaÐnei ìti mèsa sthn troqiĹ tou perilambĹnontai dÔo kai plèon Ĺtoma puritÐou.

SunoptikĹ, gia hmiagwgoÔc tÔpou n isqÔoun oi sqèseic:

E_D = E_C − 1 ϵ^2_r m^∗_n m_0 E_R, r = ϵ_r m_0 m^∗_n a_0n^2. (1.3)

Parìmoia, gia hmiagwgoÔc tÔpou p isqÔoun oi sqèseic:

E_A = E_V + 1 ϵ^2_r m^∗_p m_0 E_R, r = ϵ_r m_0 m^∗_p a_0n^2. (1.4)

1.4 Sugkentrÿseic forèwn

Gia na upologÐsoume tic sugkentrÿseic twn forèwn qreiazìmaste dÔo stoiqeÐa:

(1) Th statistikă katanomă f_{F D}(E) pou dièpei touc foreÐc, (2) Thn puknìthta katastĹsewn g_n(E), g_p(E) twn arnhtikÿn kai twn jetikÿn forèwn antÐstoiqa.

Kai ta dÔo eÐdh forèwn upakoÔoun sthn statistikă Fermi-Dirac:

f_{F D}(E) = 1 e^{β(E−EF )} + 1 . ’Eqoume qrhsimopoiăsei ton sumbolismì β ≡^1_{kB T} , ìpou k_B = 1.38 × 10^{−23}Jgrad^{−1} = 8.62 × 10^{−2}meV grad^{−1}, eÐnai h stajerĹ Boltzmann, pou metatrèpei monĹdec jermokrasÐac (touc bajmoÔc Kelvin^oK → grad) se katĹllhlec monĹdec enèrgeiac. H posìthta T

Sqăma 1.2: Katanomă f_{F D} twn Fermi kai Dirac sunartăsei thc enèrgeiac.

Sqăma 1.3: Enèrgeia sunartăsei thc katanomăc f_{F D} twn Fermi kai Dirac.

eÐnai h jermokrasÐa sthn apìluth klÐmaka Kelvin. H posìthta E_F lègetai enèrgeia Fermi kai exartĹtai genikĹ apì th jermokrasÐa.^1 AxÐzei na shmeiÿsoume ìti h katanomă f_{F D}(E) paÐrnei thn timă^1_2 gia E = E_F . H katanomă faÐnetai sto sqăma (1.2).

Sto epìmeno sqăma deÐqnoume ìqi akribÿc to f_{F D}(E), allĹ thn antÐstrofh sunĹrthsh (to E sunartăsei tou f_{F D}(E), prĹgma pou dieukolÔnei th sunèqeia thc suzăthsăc mac kai eÐnai h sunhjismènh praktikă.

Prèpei na tonÐsoume ìti, gia thn statistikă pou aforĹ enèrgeiec megalÔterec apì thn E_C (to kĹtw ìrio thc zÿnhc agwgimìthtac), dhladă gia thn perioqă pou foreÐc eÐnai ta hlektrìnia, qrhsimopoieÐtai h sunĹrthsh f_n(E) pou tautÐzetai me thn f_{F D}(E) :

f_n(E) = f_{F D}(E) = 1 e^{β(E−EF )} + 1 , E ≥ E_C . Gia thn perioqă energeiÿn kĹtw apì thn E_V (to Ĺnw ìrio thc zÿnhc sjènouc), dhladă sthn perioqă ìpou foreÐc eÐnai oi opèc, h pijanìthta katĹlhyhc apì opèc twn antÐstoiqwn kbantikÿn katastĹsewn eÐnai h monĹda meÐon thn pijanìthta katĹlhyhc apì hlektrìnia: f_p(E) = 1 − f_{F D}(E). Dhladă:

f_p(E) = 1 − f_{F D}(E) = e^{β(E−EF )} e^{β(E−EF )} + 1 , E ≤ E_V . Shmeiÿnoume ìti den èqei nìhma na asqolhjoÔme idiaÐtera me tic timèc pou paÐrnei h pijanìthta katĹlhyhc metaxÔ twn energeiÿn E_V kai E_C , afoÔ ja pollaplasiasteÐ me thn puknìthta katastĹsewn, pou eÐnai mhdèn s’ autăn thn perioqă, epomènwc den ja paÐxei rìlo.

Sthn pleionìthta twn periptÿsewn h enèrgeia Fermi E_F eÐnai kĹpou sto diĹsthma metaxÔ thc E_V kai thc E_C , dhladă arketĹ makruĹ kai apì tic dÔo.

1Prèpei na shmeiÿsoume edÿ ìti sunăjwc aută h posìthta onomĹzetai qhmikì dunamikì kai mìno gia mhdenikă jermokrasÐa onomĹzetai enèrgeia Fermi. Gia lìgouc aplìthtac sthn orologÐa ja thn onomĹzoume kataqrhstikĹ enèrgeia Fermi.

Me autì to dedomèno eÐnai aplì na elègxei kaneÐc ìti isqÔoun oi akìloujec proseggÐseic pou ja dieukolÔnoun tic prĹxeic:

Sth sqèsh f_n(E) =^1_{eβ(E−EF )+1} to ekjetikì eÐnai polÔ megalÔtero apì th monĹda gia E ≥ E_C >> E_F (kai ìqi uperbolikĹ uyhlă jermokrasÐa, ÿste to β na mhn eÐnai uperbolikĹ mikrì, periorismìc pou sunăjwc ikanopoieÐtai), opìte: f_n(E) ≈ e^{−β(E−EF )}, E ≥ E_C . Ex Ĺllou h sqèsh f_p(E) =^{eβ(E−EF )}_{eβ(E−EF )+1} =^1_{1+eβ(EF −E)} proseggÐzetai kalĹ an paraleifjeÐ ston paronomastă h monĹda se sÔgkrish me to ekjetikì, gia enèrgeiec E ≤ E_V << E_F , opìte: f_p(E) ≈ e^{β(E−EF )}, E ≤ E_V . JewroÔme tÿra swmatÐdia me spin^1_2 kai mĹza m pou kinoÔntai s’ èna koutÐ èxw apì to opoÐo h dunamikă enèrgeia eÐnai Ĺpairh, enÿ mèsa se autì eÐnai mhdèn, sunepÿc h stĹjmh anaforĹc thc enèrgeiac eÐnai to mhdèn: E =^{h̄2k2}_{2m} . UpenjumÐzoume ìti h puknìthta katastĹsewn sthn enèrgeia E dÐnetai apì th sqèsh: g(E) = 1 2π^2 ( 2m h̄^2

)_{3/2} √ E. Autì shmaÐnei ìti oi katastĹseic anĹ monĹda ìgkou sto diĹsthma enèrgeiac apì E mèqri E + dE eÐnai g(E)dE.

JewroÔme sth sunèqeia hlektrìnia pou kinoÔntai sth zÿnh agwgimìthtac kai h enèrgeiĹ touc perigrĹfetai apì th sqèsh diasporĹc E = E(⃗k), h opoÐa mporeÐ na anaptuqjeÐ gÔrw apì èna elĹqisto ⃗k = ⃗k_0 ≠ (0, 0, 0) thc zÿnhc agwgimìthtac kai na dÿsei thn proseggistikă sqèsh diasporĹc:

E = E_C + h̄^2k^2 2m^∗_n , pou exartĹtai apì thn elĹqisth timă E_C thc enèrgeiac sth zÿnh agwgimìthtac kai apì thn energì mĹza twn arnhtikÿn forèwn, pou genikĹ den tautÐzetai me th mĹza m_0 tou hlektronÐou ston eleÔjero qÿro. Sunepÿc h puknìthta katastĹsewn gia ta hlektrìnia (arnhtikoÔc foreÐc) eÐnai eÔkolo na upologisteÐ: arkeÐ h mĹza m na antikatastajeÐ me m^∗_n kai h enèrgeia E me E − E_C :

g_n(E) = N 1 2π^2 ( 2m^∗_n h̄^2

)_{3/2} √ E − E_C , E ≥ E_C .

Sqăma 1.4: Puknìthtec katastĹsewn

’Eqoume perilĹbei ston teleutaÐo tÔpo ton arijmì N twn isodÔnamwn elaqÐstwn thc zÿnhc agwgimìthtac mèsa sthn prÿth zÿnh Brillouin, gia na kalÔyoume thn perÐptwsh pou autĹ eÐnai perissìtera apì èna.

SqetikĹ me tic opèc prèpei na parathrăsoume ìti to mègisto E_V thc zÿnhc sjènouc, sthn opoÐa kinoÔntai oi opèc, brÐsketai pĹnta sto kèntro ⃗k = (0, 0, 0) thc zÿnhc Brillouin, opìte N = 1, kai to anĹptugma thc antÐstoiqhc sqèshc diasporĹc eÐnai to exăc: E = E_V − h̄^2k^2 2m^∗_p . S’ autăn thn perÐptwsh o kumatikìc arijmìc k, me bĹsh ton opoÐo prokÔptei h puknìthta katastĹsewn, sqetÐzetai me thn posìthta √ E_V − E, opìte h puknìthta twn katastĹsewn jetikoÔ fortÐou (opÿn) eÐnai eÔlogo na upojèsoume ìti dÐnetai apì th sqèsh:

g_p(E) = 1 2π^2 ( 2m^∗_p h̄^2

)_{3/2} √ E_V − E, E ≤ E_V . Ta apotelèsmata gia tic puknìthtec katastĹsewn faÐnontai sto sqăma (1.4).

’Eqoume pia dÿsei ìla ta stoiqeÐa pou qreiĹzontai gia ton upologismì thc sugkèntrwshc twn forèwn. H sugkèntrwsh n twn hlektronÐwn (arnhtikÿn forèwn) ja prokÔyei apì to ginìmeno thc sunĹrthshc katanomăc f_n(E) me thn puknìthta katastĹsewn anĹ monĹda ìgkou twn forèwn me arnhtikì fortÐo g_n(E), an to oloklhrÿsoume apì thn elĹqisth enèrgeia E_C mèqri to Ĺpeiro. DÔo parathrăseic: (1) Gia thn f_n(E) ja qrhsimopoiăsoume thn prosèggish pou brăkame prohgoumènwc. (2) AusthrĹ milÿntac, h oloklărwsh den prèpei na ekteÐnetai wc to Ĺpeiro, allĹ wc to anÿtato ìrio thc sugkekrimènhc energeiakăc zÿnhc. Lìgw ìmwc, tou ekjetikoÔ, den kĹnoume shmantikì lĹjoc an qrhsimopoiăsoume wc Ĺnw ìrio to Ĺpeiro, pou eÐnai piì eÔqrhsto apì majhmatikă Ĺpoyh. ’Ola autĹ sunoyÐzontai sthn èkfrash: n = ∫_∞ E_C dEg_n(E)f_n(E) = ∫_∞ E_C dE N 2π^2 ( 2m^∗_n h̄^2

)_{3/2} √ E − E_C e^{−β(E−EF )}

= N 2π^2 ( 2m^∗_n h̄^2

)_{3/2} ∫_∞ E_C dE √ E − E_C e^{−β(E−EF )}.

An kĹnoume thn allagă metablhtÿn (E = E_C + x^2, dE = 2xdx), to oloklărwma ja metatrapeÐ sto e^{−β(EC −EF )} ∫_∞ 0 2xdxxe^{−βx2} = e^{−β(EC −EF )} ∫_{+∞} −∞ dxx^2e^{−βx2} , ìpou lĹbame upìyh ìti h oloklhrwtèa sunĹrthsh eÐnai Ĺrtia. To teleutaÐo upologÐzetai me th boăjeia tou GkaousianoÔ oloklhrÿmatoc ∫_{+∞} −∞ dxe^{−βx2} = √_π β , to opoÐo me paragÿgish wc proc β dÐnei: ∫_{+∞} −∞ x^2dxe^{−βx2} =^1_2 √_π β^3 . ’Ara

h sugkèntrwsh twn arnhtikÿn forèwn isoÔtai me: n = N 2π^2 ( 2m^∗_n h̄^2

)_{3/2} 1 2 √ π β^3 e^{−β(EC −EF )} ⇒

⇒ n = N_C e^{−β(EC −EF )}, N_C ≡ N 4 ( 2m^∗_n πβh̄^2 )_{3/2} . (1.5)

H posìthta N_C lègetai energìc puknìthta katastĹsewn sth zÿnh agwgimìthtac. Endeiktikèc timèc gia jermokrasÐa dwmatÐou (T = 300^oK) eÐnai 2.8 × 10^{19}cm^{−3} gia to Si kai 4.7 × 10^{17}cm^{−3} gia to GaAs.

Entelÿc parìmoioc eÐnai o upologismìc gia thn sugkèntrwsh twn jetikÿn forèwn (opÿn). GrĹfoume mìno tic anagkaÐec majhmatikèc sqèseic me lÐgec mìno exhgăseic: p = ∫_{EV} −∞ dEg_p(E)f_p(E) = ∫_{EV} −∞ dE 1 2π^2 ( 2m^∗_p h̄^2

)_{3/2} √ E_V − Ee^{β(E−EF )}

= 1 2π^2 ( 2m^∗_p h̄^2 )_{3/2} ∫_{EV} −∞ dE √ E_V − Ee^{β(E−EF )}. An kĹnoume tÿra thn elafrĹ diaforetikă allagă metablhtÿn (E_V − E = x^2, dE = −2xdx), to oloklărwma ja metatrapeÐ sto e^{β(EV −EF )} ∫_0 +∞ (−2xdx)xe^{−βx2} = e^{β(EV −EF )} ∫_{+∞} −∞ dxx^2e^{−βx2} , ìpou kai pĹli lĹbame upìyh ìti h oloklhrwtèa sunĹrthsh eÐnai Ĺrtia. EmfanÐzetai to Ðdio oloklărwma ìpwc prin, opìte: p = 1 2π^2 ( 2m^∗_p h̄^2 )_{3/2} 1 2 √ π β^3 e^{β(EV −EF )} ⇒

⇒ p = N_V e^{β(EV −EF )}, N_V ≡ 1 4 ( 2m^∗_p πβh̄^2 )_{3/2} . (1.6)

H posìthta N_V lègetai energìc puknìthta katastĹsewn sth zÿnh sjènouc. Endeiktikèc timèc gia jermokrasÐa dwmatÐou (T = 300^oK) eÐnai 1.04 × 10^{19}cm^{−3} gia to Si kai 7.0 × 10^{18}cm^{−3} gia to GaAs.

Apì tic dÔo sqèseic gia tic sugkentrÿseic sumperaÐnoume ìti np = N_C N_V e^{−β(EC −EV )}. H diaforĹ E_G ≡ E_C − E_V pou emfanÐzetai sto ekjetikì eÐnai mia qarakthristikă parĹmetroc gia ton hmiagwgì kai onomĹzetai energeiakì qĹsma (gap). ’Ara np = N_C N_V e^{−βEG} . (1.7) Shmeiÿnoume ìti oi sqèseic (1.5,1.6,1.7) isqÔoun ex Ðsou kalĹ gia endogeneÐc kai gia exwgeneÐc hmiagwgoÔc. To mìno pou metabĹlletai eÐnai h enèrgeia Fermi. Autì sunepĹgetai:

n_pp_p = n_np_n = n_ip_i. (1.8) H sqèsh aută eÐnai exairetikĹ spoudaÐa kai lègetai nìmoc drĹshc mazÿn. Sta sÔmbola pou mìlic qrhsimopoiăsame (p.q.to n_p) to n paristĹnei th sugkèntrwsh twn antÐstoiqwn forèwn (epÐ tou prokeimènou twn arnhtikÿn), enÿ o deÐkthc p upodeiknÔei ìti anaferìmaste se hmiagwgì tÔpou p.

AxÐzei na parathrăsei kaneÐc ìti, epeidă h sqèsh (1.5) isqÔei gia endogeneÐc kai gia exwgeneÐc hmiagwgoÔc, mporeÐ na qrhsimopoihjeÐ dÔo forèc kai na dÿsei: n = N_C e^{−β(EC −EF )}, n_i = N_C e^{−β(EC −Ei)}. ’Eqoume sumbolÐsei me E_i thn enèrgeia Fermi gia endogeneÐc hmiagwgoÔc, pou lègetai endogenăc enèrgeia Fermi. SumperaÐnoume ìti:

n = n_ie^{β(EF −Ei)} → E_F = E_i + k_BT ln ( n n_i ) . (1.9)

’Eqoume ekfrĹsei, dhladă, thn enèrgeia Fermi sunartăsei thc endogenoÔc enèrgeiac Fermi. Parìmoia: p = p_ie^{β(Ei−EF )} = n_ie^{β(Ei−EF )} → E_F = E_i − k_BT ln ( p n_i ) . (1.10)

Qrhsimopoiăsame to gegonìc ìti p_i = n_i. O nìmoc drĹshc mazÿn np = n^2_i deÐqnei ìti ln (_p n_i ) = ln (_{n2} i n_in ) = − ln (_n n_i ) , Ĺra oi dÔo ekfrĹseic gia thn enèrgeia eÐnai sumbibastèc metaxÔ touc.

1.4.1 ExĹrthsh apì th jermokrasÐa

Antikajistÿntac ta N_C kai N_V sthn (1.7) apì tic sqèseic (1.5) kai (1.6) brÐskoume th sqèsh: np = (m^∗_pm^∗_n)^{3/2} 2π^3β^3h̄^6 e^{−βEG} = k^3_B (m^∗_pm^∗_n)^{3/2} 2π^3h̄^6

T^3e^{−βEG} . (1.11)

Ta m^∗_p kai m^∗_n den exartÿntai apì th jermokrasÐa. ’Omwc to energeiakì qĹsma èqei brejeÐ ìti exartĹtai apì th jermokrasÐa sÔmfwna me th sqèsh:

E_G(T ) = E_G(0) − aT^2 T + b , (1.12)

ìpou ta a kai b eÐnai jetikèc stajerèc (blèpe pÐnaka).

E_G(0)(eV ) a × 10^{−4}(eV/grad) b(grad) Si 1.170 4.73 636 Ge 0.744 4.77 235 GaAs 1.519 5.41 204

TelikĹ:

np = AT^3e^{− EG(0)k}B^{T + aTk}B^{(T +b)} . (1.13)

Tèloc, apì ton orismì twn N_C kai N_V prokÔptoun oi sqèseic:

N_C (T_1) N_C (T_2) = N_V (T_1) N_V (T_2) = ( T_1 T_2 )_{3/2} , (1.14)

pou ekfrĹzoun thn exĹrthsh autÿn twn sugkentrÿsewn apì th jermokrasÐa.

1.4.2 Upologismìc thc enèrgeiac Fermi

Gia kajarĹ endogeneÐc hmiagwgoÔc h sqèsh n_i = p_i me th boăjeia twn (1.5) kai (1.6) dÐnei to apotèlesma N_C e^{−β(EC −EF )} = N_V e^{β(EV −EF )}, opìte

E_F =

E_C + E_V 2 − k_BT 2 log ( N_C N_V ) , h opoÐa, antikajistÿntac ta N_C , N_V , grĹfetai:

E_F =

E_C + E_V 2 + 3k_BT 4 ln ( m^∗_p m^∗_n ) ⇒ E_F − E_V = E_G 2 + 3k_BT 4 ln ( m^∗_p m^∗_n ) . (1.15) Autì to apotèlesma, epeidă anafèretai se endogeneÐc hmiagwgoÔc, onomĹzetai endogenăc enèrgeia Fermi kai sumbolÐzetai me E_i. ParathroÔme ìti, sthn perÐptwsh pou oi energèc mĹzec eÐnai Ðsec, h enèrgeia Fermi enìc endogenoÔc hmiagwgoÔ eÐnai o mèsoc ìroc twn E_C kai E_V . An antikatastăsoume to apotèlesma (1.15) se opoiadăpote apì tic (1.9,1.10) ja katalăxoume sto sumpèrasma ìti:

n_i = p_i = ( k_BT 8πh̄^2 )_{3/2} (m^∗_pm^∗_n)^{3/4}e^{− βEG2} . (1.16)

Apì aută th sqèsh me kĹpoiec eÔlogec timèc gia ta megèjh pou upeisèrqontai (E_G = 1.4eV, m^∗_p = m^∗_n = m_0, ) ìpou m_0 eÐnai h mĹza tou hlektronÐou ston eleÔjero qÿro, mporoÔme na èqoume mia ektÐmhsh thc sugkèntrwshc se timă dwmatÐou: eÐnai perÐpou 10^{10}cm^{−3}. EpishmaÐnoume epÐshc thn eÔlogh prìbleyh ìti èna mikrì energeiakì qĹsma antistoiqeÐ se megĹlh sugkèntrwsh.

Gia exwgeneÐc hmiagwgoÔc tÔpou n mia prÿth prosèggish eÐnai na xekinăsei kaneÐc apì th sqèsh (1.5) me thn prìsjeth upìjesh tou plărouc ionismoÔ (n_n = N^+_D = N_D), opìte epilÔontac prokÔptei h sqèsh:

E_F = E_C − k_BT ln N_C N_D . (1.17)

Parìmoia gia exwgeneÐc hmiagwgoÔc tÔpou p me afethrÐa th sqèsh (1.6) kai me thn prìsjeth paradoqă tou plărouc ionismoÔ (p_p = N^−_A = N_A) prokÔptei h sqèsh:

E_F = E_V + k_B T ln N_V N_A . (1.18)

’Omwc h upìjesh tou plărouc ionismoÔ den eÐnai pĹnta dikaiologhmènh, ìpwc ja doÔme, opìte qreiĹzetai kĹti pio akribèc. ApodeiknÔetai (blèpe to parĹrthma sthn teleutaÐa parĹgrafo autoÔ tou kefalaÐou) ìti o arijmìc n_D twn mh ionismènwn dotÿn (dhladă o arijmìc twn hlektronÐwn pou exakoloujoÔn na katèqoun tic energeiakèc stĹjmec twn dotÿn E_D kai den èqoun perĹsei sth zÿnh agwgimìthtac) dÐnetai apì th sqèsh:

n_D = N_D 1 +^1_2 exp[β(E_D − E_F )] , ìpou N_D eÐnai h sugkèntrwsh twn dotÿn. Sunepÿc o arijmìc N^+_D twn ionismènwn dotÿn ja eÐnai:

N^+_D = N_D − N_D 1 +^1_2 exp[β(E_D − E_F )] = N_D 1 + 2 exp[−β(E_D − E_F )]

. (1.19)

Entelÿc parìmoia apodeiknÔetai ìti o arijmìc twn mh ionismènwn apodektÿn (pou isoÔtai me ton arijmì twn opÿn pou exakoloujoÔn na katèqoun tic energeiakèc stĹjmec E_A twn apodektÿn kai den èqoun metabeÐ sth zÿnh sjènouc) dÐnetai apì thn èkfrash:

p_A = N_A 1 +^1_2 exp[β(E_F − E_A)] . TelikĹ N^−_A = N_A − p_A = N_A 1 + 2 exp[−β(E_F − E_A)]

, (1.20)

ìpou to nìhma twn N^−_A kai N_A eÐnai fanerì. Oi posìthtec E_D kai E_A eÐnai oi energeiakèc stĹjmec twn dotÿn kai twn apodektÿn, tic opoÐec ja exetĹsoume leptomereiakìtera sth sunèqeia, eÐnai pĹntwc gnwstèc: exartÿntai apì ton hmiagwgì kai to eÐdoc twn prosmeÐxewn. To telikì băma eÐnai na epikalestoÔme th sunjăkh oudeterìthtac (1.1):

n + N^−_A = p + N^+_D

kai na antikatastăsoume ta n, N^−_A , p, N^+_D me ta Ðsa touc, opìte prokÔptei h sqèsh:

N_C exp[−β(E_C − E_F )] + N_A 1 + 2 exp[−β(E_F − E_A)] = = N_V exp[−β(E_F − E_V )] + N_D 1 + 2 exp[−β(E_D − E_F )]

(1.21)

Sthn exÐswsh aută ìla ta megèjh eÐnai gnwstĹ, ektìc apì thn enèrgeia Fermi pou zhtĹme h opoÐa, epomènwc, mporeÐ na prosdiorisjeÐ. Bèbaia h lÔsh eÐnai sunăjwc arijmhtikă. ’Ena prìblhma ja diafwtÐsei thn poreÐa lÔshc kai ta ìria axiopistÐac thc prosèggishc plărouc ionismoÔ.

Prìblhma KrÔstalloc puritÐou nojeÔetai me prosmeÐxeic arsenikoÔ me puknìthta N_D = 10^{17} (Ĺtoma arsenikoÔ)/cm^3. Na upologistoÔn oi puknìthtec forèwn kai h stĹjmh Fermi se jermokrasÐa (1)dwmatÐou (T_1 = 300^oK), (2) ugroÔ azÿtou (T_2 = 77^oK) kai (3) ugroÔ hlÐou (T_3 = 4^oK). DÐnontai oi posìthtec: δE ≡ E_C − E_D = 54meV, N_C (T_1) = 2.8 × 10^{19}cm^{−3}, N_V (T_1) =

1.04 × 10^{19}cm^{−3}, N_A = 0.0cm^{−3}. EpÐshc dÐnontai oi timèc tou energeiakoÔ qĹsmatoc gia tic treic jermokrasÐec: eÐnai 1123meV, 1166meV kai 1170meV antÐstoiqa, ìpwc mporeÐ kaneÐc na diapistÿsei qrhsimopoiÿntac thn exÐswsh (1.12) kai ton sqetikì pÐnaka. StajerĹ tou Boltzmann k_B = 0.0862meV/grad.

Prìkeitai, bèbaia, gia hmiagwgì tÔpou n. O stìqoc eÐnai na upologÐsoume thn enèrgeia Fermi. ArkeÐ na upologÐsoume th diaforĹ E_F (T )−E_V (T ). EÐnai fanerì ìti mìno diaforèc energeiÿn mporoÔn na upologistoÔn. Epilègoume wc shmeÐo anaforĹc twn energeiÿn thn posìthta E_V (T ). H exÐswsh (1.21) grĹfetai:

N_C (T ) exp[−β({E_C (T ) − E_V (T )} − {E_F (T ) − E_V (T )})] =

= N_V (T ) exp[−β(E_F (T ) − E_V (T ))] + N_D 1 + 2 exp[−β({E_C (T ) − δE} − E_V (T ) + E_V (T ) − E_F (T ))] , opìte, lambĹnontac upìyh ìti E_G(T ) ≡ E_C (T ) − E_V (T ) kai sumbolÐzontac me x thn proc eÔresh posìthta E_F (T ) − E_V (T ) paÐrnoume thn isìthta:

N_C (T ) exp[−β(E_G(T ) − x)] = N_V (T )e^{−βx}+ + N_D 1 + 2 exp[−β(E_G(T ) − δE − x)]

. (1.22)

(1) Gia thn prÿth perÐptwsh isqÔei ìti k_BT_1 = 25.8meV, E_G(T_1) = 1123meV, opìte h (1.22) dÐnei x ≡ E_F (T_1) − E_V (T_1) ≃ 976.2meV. Autì mac dÐnei th dunatìthta na upologÐsoume diĹforec posìthtec:

E_C (T_1) − E_F (T_1) = (E_C (T_1) − E_V (T_1)) − (E_F (T_1) − E_V (T_1)) = E_G(T_1) − x = 1123meV − 976.2meV = 146.8meV, E_D(T_1)−E_F (T_1) = E_C (T_1)−E_F (T_1)−δE = 146.8meV −54meV = 92.8meV, E_D(T_1) − E_V (T_1) = (E_D(T_1) − E_F (T_1)) + (E_F (T_1) − E_V (T_1)) = = (92.8 + 976.2)meV = 1069.0meV,

N^+_D = N_D 1 + 2 exp[−^{ED (T1)−EF (T1)}

k_B T_1 ] ≃ 0.95 × N_D. EÐnai fanerì, s’ autăn thn perÐptwsh, ìti h prosèggish plărouc ionismoÔ twn dotÿn eÐnai axiìpisth (to N^+_D eÐnai perÐpou Ðso me to N_D), profanÿc lìgw thc sqetikĹ uyhlăc jermokrasÐac.

An efarmìsoume to proseggistikì apotèlesma (1.17) gia thn enèrgeia Fermi ja broÔme:

E_F (T_1) − E_V (T_1) = E_C (T_1) − E_V (T_1) − k_B T_1 log N_C N_D = E_G(T_1) − k_B T_1 log N_C N_D ≃ 977.6meV, pou eÐnai polÔ kontĹ sto 976.2meV pou brăkame prohgoumènwc.

(2) Gia th deÔterh jermokrasÐa isqÔei ìti k_BT_2 = 6.6meV, E_G(T_2) = 1166meV. Prin proqwrăsoume prèpei na upologÐsoume ta N_C (T_2), N_D(T_2), qrhsimopoiÿntac tic sqèseic (1.14):

N_C (T_1) N_C (T_2) = N_V (T_1) N_V (T_2) = ( T_1 T_2 )_{3/2} . O upologismìc dÐnei N_C (T_2) = 3.6 × 10^{18}cm^{−3}, N_V (T_2) = 1.35 × 10^{18}cm^{−3}, opìte h (1.22) dÐnei x ≡ E_F (T_2) − E_V (T_2) ≃ 1124.6meV. Autì mac dÐnei th dunatìthta na upologÐsoume diĹforec posìthtec:

E_C (T_2) − E_F (T_2) = (E_C (T_2) − E_V (T_2)) − (E_F (T_2) − E_V (T_2)) = E_G(T_2) − x = = 1166meV − 1124.6meV = 41.4meV, E_D(T_2)−E_F (T_2) = E_C (T_2)−E_F (T_2)−δE = 41.4meV −54meV = −12.6meV, E_D(T_2) − E_V (T_2) = (E_D(T_2) − E_F (T_2)) + (E_F (T_2) − E_V (T_2)) = = (−12.6 + 1124.6)meV = 1112.0meV,

N^+_D = N_D 1 + 2 exp[−^{ED (T2)−EF (T2)}

k_B T_2 ] ≃ 0.069 × N_D. EÐnai fanerì, s’ autăn thn perÐptwsh, ìti den isqÔei h prosèggish plărouc ionismoÔ twn dotÿn (to N^+_D eÐnai polÔ mikrìtero apì to N_D), profanÿc lìgw thc sqetikĹ qamhlăc jermokrasÐac.

An efarmìsoume to proseggistikì apotèlesma (1.14) gia thn enèrgeia Fermi ja broÔme:

E_F (T_2) − E_V (T_2) = E_C (T_2) − E_V (T_2) − k_BT_2 log N_C N_D =

= E_G(T_2) − k_BT_2 log N_C N_D ≃ 1128.8meV, pou den apèqei polÔ apì to 1124.6meV pou brăkame prohgoumènwc. DÔo endiafèronta megèjh: E_C − E_F = 1166meV − 1128.8meV = 37.2meV, E_D − E_F = 37.2meV − 54meV = −16.8meV. (3) Sthn trÐth perÐptwsh ta prĹgmata eÐnai entelÿc paraplăsia me th deÔterh. IsqÔei ìti k_B T_3 = 0.34meV, E_G(T_3) = 1170meV. Ex Ĺllou

N_C (T_1) N_C (T_3) = N_V (T_1) N_V (T_3) = ( T_1 T_3 )_{3/2} . O upologismìc dÐnei N_C (T_3) = 4.3 × 10^{16}cm^{−3}, N_V (T_3) = 1.6 × 10^{16}cm^{−3}, opìte h (1.22) dÐnei x ≡ E_F (T_3) − E_V (T_3) ≃ 1139meV. Autì mac dÐnei th dunatìthta na upologÐsoume diĹforec posìthtec:

E_C (T_3) − E_F (T_3) = (E_C (T_3) − E_V (T_3)) − (E_F (T_3) − E_V (T_3)) = E_G(T_3) − x = = 1170meV − 1139meV = 31meV, E_D(T_3) − E_F (T_3) = E_C (T_3) − E_F (T_3) − δE = 31meV − 54meV = −23meV,

E_D(T_3) − E_V (T_3) = (E_D(T_3) − E_F (T_3)) + (E_F (T_3) − E_V (T_3)) =

= (−23.0 + 1139.0)meV = 1116.0meV,

N^+_D = N_D 1 + 2 exp[−^{ED(T3 )−EF (T3 )}

k_B T_3 ]

≃ 2 × 10^{−20} × N_D.

EÐnai fanerì ìti s’ autăn thn perÐptwsh katĹ meÐzona logo den isqÔei h prosèggish plărouc ionismoÔ twn dotÿn, afoÔ h jermokrasÐa eÐnai polÔ kontĹ sto apìluto mhdèn. An efarmìsoume to proseggistikì apotèlesma (1.14) gia thn enèrgeia Fermi ja broÔme:

E_F (T_3) − E_V (T_3) = E_C (T_3) − E_V (T_3) − k_B T_3 log N_C N_D =

= E_G(T_3) − k_B T_3 log N_C N_D ≃ 1164.1meV. Blèpoume ìti to proseggistikì apotèlesma s’ autăn thn perÐptwsh den eÐnai kalì: h timă 1164.1meV plhsiĹzei perissìtero proc thn E_C (T_3) − E_V (T_3) = 1170meV, parĹ proc thn akribă enèrgeia Fermi E_F (T_3)−E_V (T_3) = 1139meV.

1.5 PARARTHMA

Ja exetĹsoume thn elaqistopoÐhsh thc eleÔjerhc enèrgeiac F pou antistoi- qeÐ se n_D hlektrìnia pou topojetoÔntai se N_D diajèsimec katastĹseic me enèrgeia E_D. ’Estw N_D o arijmìc twn dotÿn kai n_D o arijmìc twn hlektronÐwn se stĹjmh dotÿn. Oi dunatoÐ trìpoi topojèthshc n_D hlektronÐwn se N_D jèseic

eÐnai, bèbaia, o sunduasmìc twn N_D pragmĹtwn anĹ n_D, dhladă ( N_D n_D ) . ’Omwc sthn kĹje mia apì autèc tic entopismènec katastĹseic mporoÔn na filoxenhjeÐ to polÔ èna hlektrìnio (kai ìqi, p.q. dÔo me antÐjeta spin), Ĺra kĹje tètoioc sunduasmìc prèpei na pollaplasiasteÐ me ton arijmì 2^{nD} , pou eÐnai o arijmìc twn diaforetikÿn diatĹxewn twn n_D spin (p.q. gia dÔo spin ja eÐqame tic tèsssereic (2^2) periptÿseic + +, + -, - +, - -). ’Ara o arijmìc twn diaforetikÿn diatĹxewn eÐnai: W = 2^{nD} ( N_D n_D ) = 2^{nD}

N_D!

n_D!(N_D − n_D)! . Epomènwc h sqetikă entropÐa ja dÐnetai apì th sqèsh S = k_B ln W kai h eleÔjerh enèrgeia apì th sqèsh F = E − T S = n_DE_D − k_BT ln W. Sth sunèqeia o proseggistikìc tÔpoc tou Stirling ln n! ≃ n ln n − n ⇒ ∂ ln n! ∂n ≃ ln n. ja mac epitrèyei na grĹyoume aploÔstera to^{∂S}_{∂nD} = k_B^{∂ ln W}_{∂nD} : ∂S ∂n_D = k_B ∂ ∂n_D [n_D ln 2 + ln N_D! − ln n_D! − ln(N_D − n_D)!] ≃

≃ k_B[ln 2 − ln n_D + ln(N_D − n_D)] = k_B ln

2(N_D − n_D) n_D . To qhmikì dunamikì (pou kataqrhstikĹ ja onomĹzoume enèrgeia tou Fermi) orÐzetai wc: E_F ≡ ∂F ∂n_D = E_D − k_B ln

2(N_D − n_D) n_D ,

1.5. PARARTHMA 23 ìpou qrhsimopoiăsame ton orismì thc eleÔjerhc enèrgeiac. MporoÔme tèloc na lÔsoume thn teleutaÐa sqèsh wc proc n_D kai na katalăxoume sthn: n_D = N_D 1 +^1_2 exp[β(E_D − E_F )] .

24 KEF§ALAIO 1. IDI§OTHTES HMIAGWG§WN

KefĹlaio 2

HmiagwgoÐ se epafă

2.1 Epafèc p − n

An fèroume se stenă epafă ènan hmiagwgì tÔpou p me ènan hmiagwgì tÔpou n, ekeÐno pou ja sumbeÐ eÐnai, perigrafikĹ, to exăc: epeidă h sugkèntrwsh twn hlektronÐwn sthn pleurĹ n eÐnai megĹlh, enÿ sthn pleurĹ p eÐnai mikră, ja èqoume diĹqush hlektronÐwn apì to n sto p, ta opoÐa allhloexoudeterÿnontai me opèc. Bèbaia, ta jetikĹ iìnta twn atìmwn-dotÿn mènoun sth jèsh touc kai dhmiourgoÔn èna hlektrostatikì pedÐo E(x) pou anaqaitÐzei ta fainìmena diĹqushc. H diĹqush ja stamatăsei ìtan to reÔma (antÐjethc forĹc proc to reÔma diĹqushc) pou ofeÐletai sto pedÐo E(x) exisorropăsei thn kÐnhsh lìgw diĹqushc dhmiourgÿntac èna reÔma olÐsjhshc (pou ofeÐletai sth diaforĹ dunamikoÔ) antÐjethc forĹc proc to reÔma diĹqushc. AntÐstoiqa akribÿc fainìmena ofeÐlontai sth diĹqush opÿn apì thn pleurĹ p sthn pleurĹ n. H diadikasÐa èqei wc apotèlesma th dhmiourgÐa metaxÔ twn jèsewn −x_{p0} kai x_{n0} miac perioqăc apogÔmnwshc ă fortÐou qÿrou (pou ofeÐletai stic mh antistajmizìmenec suneisforèc twn iìntwn twn prosmeÐxewn) metaxÔ twn perioqÿn n kai p, sthn opoÐa den upĹrqoun hlektrìnia ă opèc.

Prin thn epafă:

E_V E_A E_{F p}

E_C p n

E_V

E_{F n} E_D E_C

E_i E_i

MetĹ thn epafă: p − + n −x_{p0} x_{n0}

−x_{p0} x_{n0} E

E_0 p n

E_{V p} E_A E_F

E_{Cp}

E_{V n}

E_F E_D E_{Cn}

Ac exetĹsoume ta fainìmena autĹ posotikĹ. ’Estw ìti èqoume ènan hmiagwgì me duì perioqèc 1 kai 2 kai gia kĹje enèrgeia E h roă hlektronÐwn F (1 → 2) apì thn 1 sth 2 eÐnai anĹlogh twn kateilhmmènwn katastĹsewn N_1(E)f_1(E) sthn perioqă 1 (ìpou f_1(E) eÐnai h katanomă Fermi-Dirac me enèrgeia Fermi Ðsh me E_{F1} ) kai twn diajèsimwn (Ĺdeiwn) katastĹsewn N_2(E)(1−f_2(E)) sthn perioqă 2, (ìpou f_2(E) eÐnai h katanomă Fermi-Dirac me enèrgeia Fermi Ðsh me E_{F2} ) :

F (1 → 2) ≈ [N_1(E)f_1(E)] · [N_2(E)(1 − f_2(E))].

H sqèsh isqÔei kai antÐstrofa me tic katĹllhlec allagèc:

F (2 → 1) ≈ [N_2(E)f_2(E)] · [N_1(E)(1 − f_1(E))].

Sthn katĹstash jermodunamikăc isorropÐac isqÔei h sqèsh

F (1 → 2) = F (2 → 1) ⇒

⇒ N_1(E)f_1(E)N_2(E) − N_1(E)f_1(E)N_2(E)f_2(E) =

= N_2(E)f_2(E)N_1(E) − N_2(E)f_2(E)N_1(E)f_1(E) ⇒

⇒ N_1(E)f_1(E)N_2(E) = N_2(E)f_2(E)N_1(E) ⇒ f_1(E) = f_2(E) ⇒ ⇒ 1 1 + exp[^{E−EF1}_{kB T} ] = 1 1 + exp[^{E−EF2}_{kB T} ]

⇒ E_{F1} = E_{F2} .

Aută h sqèsh ekfrĹzei posotikĹ to pìte ja stamatăsei h roă hlektronÐwn apì to èna kommĹti sto Ĺllo. H nèa diatÔpwsh eÐnai ìti kajÿc oi foreÐc rèoun apì to èna mèroc sto Ĺllo metabĹllontai oi enèrgeiec Fermi kai twn dÔo perioqÿn kai h roă stamatĹei ìtan oi dÔo enèrgeiec Fermi pĹroun thn Ðdia timă (E_{F1} = E_{F2} ≡ E_F ). Shmeiÿnoume ìti to Ðdio akribÿc sumpèrasma ja eÐqame an jewroÔsame th roă twn opÿn antÐ thc roăc twn hlektronÐwn. Sthn prokeimènh perÐptwsh thc epafăc p−n h isìthta paÐrnei th morfă E_{F p0} = E_{F n0} ≡ E_F . ’Opwc èqoume ădh exhgăsei, ekeÐno pou èqei ousiastikă shmasÐa eÐnai oi diaforèc twn energeiÿn. Autì shmaÐnei ìti, lìgw tou ìti oi enèrgeiec Fermi exisÿnontai stic dÔo pleurèc, kai oi stĹjmec E_C , E_V ja metatopistoÔn epÐshc, ìpwc deÐqnei to sqăma. Pio formalistikĹ, prÐn oi hmiagwgoÐ tejoÔn se epafă Ðsquan oi sqèseic E_C − E_{F p0} ≡ ϵ_{Cp}, E_{F p0} − E_V ≡ ϵ_{V p}, E_C − E_{F n0} ≡ ϵ_{Cn}, E_{F n0} − E_V ≡ ϵ_{V n}, enÿ afìtou tèjhkan se epafă oi sqèseic E_{Cp} − E_F = ϵ_{Cp}, E_F − E_{V p} ≡ ϵ_{V p}, E_{Cn} − E_F = ϵ_{Cn}, E_F − E_{V n} ≡ ϵ_{V n}.

Dhladă ta ϵ_{Cn}, ϵ_{Cp}, ϵ_{V n}, ϵ_{V n} den allĹzoun allĹ, enÿ prin thn epafă ta E_C , E_V ătan Ðdia kai oi enèrgeiec Fermi diaforetikèc, metĹ thn epafă ta (E_{Cn}, E_{V n}) den eÐnai pia Ðdia me ta (E_{Cp}, E_{V p}), antÐjeta exisÿnontai oi enèrgeiec Fermi. MporoÔme na upologÐsoume th diaforĹ dunamikoÔ apaitÿntac th sunjăkh to olikì reÔma na eÐnai mhdèn sthn katĹstash jermodunamikăc isorropÐac. JewroÔme epÐ paradeÐgmati tic opèc, pou èqoun jetikì fortÐo, èstw q. To sunolikì reÔma ja eÐnai to Ĺjroisma tou reÔmatoc diĹqushc J_p(diff) kai tou reÔmatoc olÐsjhshc J_p(drift) pou ofeÐletai sto hlektrostatikì pedÐo. ’Omwc J_p(drift) = qμ_pp(x)E(x), ìpou μ_p h kinhtikìthta twn opÿn, p(x) h sugkèntrwsh twn opÿn kai E(x) = −^{dV (x)}_{dx} h èntash tou hlektrikoÔ pedÐou. Ex Ĺllou, to reÔma diĹqushc dÐdetai apì th sqèsh: J_p(diff) = −qD_p^{dp(x)}_{dx} , ìpou D_p h stajerĹ diĹqushc, pou sundèetai me megèjh pou qrhsimopoiăsame prohgoumènwc sÔmfwna me th sqèsh tou Einstein: μ_p D_p = q k_BT . SunduĹzontac tic prohgoÔmenec sqèseic brÐskoume: J_p(drift) + J_p(diff) = 0 ⇒ −q ( qD_p k_BT ) p(x) dV (x) dx − qD_p dp(x) dx = 0 ⇒ ⇒ − q k_B T dV (x) dx = 1 p(x) dp(x) dx ⇒ − q k_B T ∫_{V (x)} V_{p0} dV = ∫_{p(x)} p_{p0} dp p(x) ⇒ ⇒ − q k_B T (V (x) − V_{p0}) = ln p(x) p_{p0} ⇒ V (x) = V_{p0} + k_B T q ln p_{p0} p(x) . Sthn oloklărwsh upojèsame ìti to kĹtw ìrio eÐnai bajiĹ mèsa sthn perioqă p, opìte to dunamikì kai h sugkèntrwsh twn opÿn paÐrnoun tic timèc V_{p0}, p_{p0} pou prosidiĹzoun sthn perioqă p. To Ĺnw ìrio thc oloklărwshc mporeÐ na eÐnai opoiodăpote shmeÐo dexiĹ tou prohgoumènou, dhladă eÐte sthn perioqă fortÐou qÿrou eÐte sthn perioqă n. ’Eqoume qrhsimopoiăsei ton deÐkth mhdèn stic posìthtec V_{p0}, p_{p0} gia na upodhlÿsoume ìti anaferìmaste se epafă pn pou den eÐnai upì (exwterikă) tĹsh.

An kĹnoume thn epilogă to Ĺnw ìrio na eÐnai bajiĹ mèsa sthn perioqă n, mporoÔme na prosdiorÐsoume ton sunolikì fragmì dunamikoÔ, pou lègetai dunamikì epafăc: V_0 ≡ V_{n0} − V_{p0} = k_BT q ln p_{p0} p_{n0} . (2.1)

Shmeiÿnoume thn polÔ shmantikă sqèsh:

qV_0 = E_{Cp} − E_{Cn} = E_{V p} − E_{V n}. (2.2)

MporoÔme na qrhsimopoiăsoume wc prÿth prosèggish to ìti sthn pleurĹ p, h sugkèntrwsh twn opÿn isoÔtai me th sugkèntrwsh N_A twn apodektÿn p_{p0} ≈ N_A kai afoÔ p_{p0}n_{p0} = n^2_i sumperaÐnoume ìti n_{p0} ≈^{n2i}_{NA} . Gia thn pleurĹ n h sugkèntrwsh n_{n0} twn hlektronÐwn isoÔtai me th sugkèntrwsh N_D twn dotÿn, opìte: n_{n0} ≈ N_D, p_{n0} ≈^{n2i}_{ND} . Autèc oi proseggÐseic dÐnoun thn ektÐmhsh gia th diaforĹ dunamikoÔ an antikatastăsoume sthn exÐswsh (2.1) ta p_{p0}, p_{n0} me ta Ðsa touc:

V_0 ≡ V_{n0} − V_{p0} = k_B T q ln ( N_AN_D n^2_i ) . (2.3)

MporoÔme tèloc na antistrèyoume thn exÐswsh (2.1) kai na odhghjoÔme stic sqèseic: p_{p0} p_{n0} = n_{n0} n_{p0} = exp [ qV_0 k_BT ] , (2.4)

ìpou qrhsimopoiăsame epÐ plèon ton nìmo drĹshc mazÿn, efìson exakoloujoÔme na anaferìmaste se katĹstash jermodunamikăc isorropÐac.

Prìblhma Jewrăste mia epafă p−n me N_A = 10^{17}cm^{−3} (sthn pleurĹ p) kai N_D = 10^{16}cm^{−3} (sthn pleurĹ n). Qrhsimopoiăste thn prosèggish plărouc ionismoÔ kai upologÐste, gia T = 300^oK, tic stĹjmec Fermi E_{F p0}, E_{F n0} prin thn epafă se kĹje pleurĹ wc proc thn koină stĹjmh Fermi E_F , pou ja prokÔyei af’ ìtou oi dÔo pleurèc èljoun se epafă, kajÿc kai to dunamikì epafăc. DÐdetai h endogenăc sugkèntrwsh n_i = 1.5 × 10^{10}cm^{−3}. UpenjÔmish: k_B = 0.0862meV grad^{−1}. Sthn pleurĹ p isqÔei ex upojèsewc ìti: p_{p0} = N_A = n_i exp [_{EF p0−EF} k_B T ] , lìgw thc (1.10), opìte:

E_{F p0} − E_F = k_BT ln N_A n_i = 0.0862 × 300 ln

10^{17} 1.5 × 10^{10} meV = 405.1meV. Parìmoia, sthn pleurĹ n isqÔei ìti: n_{n0} = N_D kai n_{n0} = n_i exp [_{EF −EF n0} k_B T ] , opìte:

E_F − E_{F n0} = k_B T ln N_D n_i = 0.0862 × 300 ln

10^{16} 1.5 × 10^{10} meV = 346.0meV. To dunamikì epafăc ja dÐnetai apì th sqèsh: qV_0 = E_{F p0} − E_{F n0} = (E_{F p0} − E_F ) − (E_F − E_{F n0}) = (405.1 + 346.0)meV = 751.1meV. Mia sÔgkrish me to apotèlesma tou kat’ eujeÐan upologismoÔ eÐnai qrăsimh:

qV_0 = k_BT ln ( N_AN_D n^2_i ) = 25.83meV ln ( 10^{17}10^{16} (1.5 × 10^{10})^2 ) = 752.2meV.

Ac exetĹsoume piì leptomereiakĹ thn epafă p − n kai eidikìtera thn perioqă apogÔmnwshc. ’Estw ìti h perioqă apogÔmnwshc èqei diatomă A kai plĹtoc w_0, enÿ upojètoume ìti oi sugkentrÿseic twn hlektronÐwn kai twn opÿn eÐnai amelhtèec s’ ìlh thn èktash thc perioqăc: |p − n| << (N^+_A , N^−_D ). KĹnoume thn epÐ plèon upìjesh tou olikoÔ ionismoÔ: N^+_A ≈ N_A, N^−_D ≈ N_D, opìte to hlektrostatikì pedÐo ja exartĹtai mìno apì tic sugkentrÿseic twn prosmeÐxewn N_A, N_D. ’Opwc faÐnetai sto sqăma, h perioqă p ekteÐnetai sta arnhtikĹ x kai eidikÿtera to antÐstoiqo tmăma thc perioqăc apogÔmnwshc sto diĹsthma [−x_{p0}, 0], ìpou x_{p0} > 0. AntÐstoiqa h perioqă n ekteÐnetai sta jetikĹ x kai eidikÿtera to antÐstoiqo tmăma thc perioqăc apogÔmnwshc sto diĹsthma [0, x_{n0}]. (FusikĹ w_0 = x_{p0} + x_{n0}). Oi puknìthtec fortÐou pou ofeÐlontai sta iìnta eÐnai ρ_D = +qN_D kai ρ_A = −qN_A, ìpou to eÐnai q to hlektrikì fortÐo twn iìntwn kat’ apìluth timă (to stoiqeiÿdec hlektrikì fortÐo). Oi ìgkoi twn dÔo perioqÿn eÐnai Ax_{n0} kai Ax_{p0}, opìte h arqă thc diatărhshc tou fortÐou upagoreÔei th sqèsh:

qN_DAx_{n0} + (−qN_A)Ax_{p0} = 0 → N_Dx_{n0} = N_Ax_{p0}.

LambĹnontac upìyh kai th sqèsh w_0 = x_{p0} + x_{n0} brÐskoume ta qrăsima apotelèsmata:

x_{p0} =

N_Dw_0 N_A + N_D

, x_{n0} =

N_Aw_0 N_A + N_D

. (2.5)

Oi exisÿseic Poisson grĹfontai: dE dx = {_{ρA} ϵ_rϵ_0 = − qN_A ϵ , −x_{p0} < x < 0 ρ_D ϵ_rϵ_0 = + qN_D ϵ , 0 < x < x_{n0} ’Eqoume qrhsimopoiăsei ton sumbolismì ϵ ≡ ϵ_0ϵ_r, ìpou ϵ_0 eÐnai h dihlektrikă stajerĹ tou kenoÔ kai ϵ_r h sqetikă dihlektrikă stajerĹ tou mèsou. H lÔsh twn exisÿsewn eÐnai tetrimènh: E(x) = { E_0 −^{qNA}_ϵ x, −x_{p0} < x < 0 E_0 +^{qND}_ϵ x, 0 < x < x_{n0} ’Eqoume ădh upojèsei ìti h lÔsh E(x) eÐnai suneqăc sto x = 0 kai paÐrnei thn timă E_0. H posìthta E_0 prèpei na èqei to katĹllhlo mègejoc ÿste to E(x) na mhdenÐzetai gia x = −x_{p0} kai gia x = +x_{n0} : { E_0 −^{qNA}_ϵ (−x_{p0}) = 0 E_0 +^{qND}_ϵ (+x_{n0}) = 0 } ⇒ { E_0 = −^{qNAxp0}_ϵ E_0 = −^{qND xn0}_ϵ }

Oi anwtèrw isìthtec eÐnai sumbibastèc, afoÔ N_Ax_{p0} = N_Dx_{n0}. GnwrÐzontac ìti h èntash tou hlektrikoÔ pedÐou dÐnetai apì tic pio pĹnw sqèseic gia thn perioqă apogÔmnwshc kai ìti eÐnai mhdèn èxw apì autăn, mporoÔme na upologÐsoume to dunamikì me th boăjeia thc exÐswshc E(x) = − dV dx → V (x) = − ∫ dxE(x). Profanÿc to dunamikì ja paÐrnei dÔo stajerèc timèc èxw apì thn perioqă apogÔmnwshc:

V (x) = { V_{p0}, x < −x_{p0} V_{n0}, x > x_{n0}. Mèsa sthn perioqă apogÔmnwshc h oloklărwsh thc exÐswshc ja dÿsei:

V (x) = { C − E_0x +^{qNA}_{2ϵ} x^2, −x_{p0} < x < 0, C − E_0x −^{qND}_{2ϵ} x^2, 0 < x < x_{n0}. H C eÐnai stajerĹ oloklărwshc pou eÐnai h Ðdia kai stic dÔo ekfrĹseic, ÿste h V (x) na eÐnai suneqăc sto x = 0. H timă thc mporeÐ na prosdiorisjeÐ eÔkola apì tic oriakèc sunjăkec, allĹ den èqei idiaÐterh shmasÐa. H diaforĹ dunamikoÔ ekfrĹzetai wc:

V_0 ≡ V_{n0} − V_{p0} = V (x)|_{x=+xn0} − V (x)|_{x=−xp0} = = [ C − E_0x_{n0} − qN_D 2ϵ x^2_{n0} ] − [ C + E_0x_{p0} + qN_A 2ϵ x^2_{p0} ] = = −E_0(x_{p0} + x_{n0}) − [ qN_A 2ϵ x^2_{p0} + qN_D 2ϵ x^2_{n0} ] = −E_0w_0 − qN_Ax_{p0} 2ϵ (x_{p0} + x_{n0}) =

= −E_0w_0 − qN_Ax_{p0} 2ϵ w_0 = −E_0w_0 − qN_AN_D 2ϵ(N_A + N_D) w^2_0.

S’ autì to shmeÐo ja epikalestoÔme th sqèsh E_0 = −^{qNAxp0}_ϵ = −^{qNANDw0}_{ϵ(NA+ND)} , opìte to dunamikì epafăc grĹfetai:

V_0 = qN_AN_Dw_0 ϵ(N_A + N_D) w_0 − qN_AN_D 2ϵ(N_A + N_D) w^2_0 ⇒ V_0 = qN_AN_D 2ϵ(N_A + N_D) w^2_0,

to opoÐo mporeÐ na dÿsei to plĹtoc w_0 thc perioqăc apogÔmnwshc sunartăsei tou dunamikoÔ epafăc:

w_0 = √ 2ϵV_0 q ( 1 N_A + 1 N_D ) , (2.6) to opoÐo, an qrhsimopoiăsoume th sqèsh (2.3) pou brèjhke prohgoumènwc, dhladă thn V_0 =^{kB T}_q ln (_N AN_D n^2_i ) , dÐnei thn telikă sqèsh:

w_0 = 2ϵk_B T q^2 ( 1 N_A + 1 N_D ) ln ( N_AN_D n^2_i ) . Oi sqèseic x_{p0} =^{ND w0}_{NA+ND} , x_{n0} =^{NAw0}_{NA+ND} dÐnoun ta apotelèsmata:

x_{p0} = 2ϵV_0 q ( N_D N_A(N_A + N_D) ) , x_{n0} = 2ϵV_0 q ( N_A N_D(N_A + N_D) ) . (2.7)

2.2 H epafă p − n upì tĹsh

MÐa suneqăc exwterikă tĹsh V mporeÐ na èqei dÔo dunatèc forèc: eÐte o jetikìc pìloc thc phgăc na sundèetai me thn pleurĹ p thc epafăc, opìte èqoume thn legìmenh eujeÐa pìlwsh, eÐte to antÐjeto, opìte h pìlwsh lègetai anĹstrofh. Prin proqwrăsoume se leptomèreiec, ja dÿsoume mia hmiposotikă episkìphsh (me megĹlh qrăsh diaÐsjhshc). JewroÔme ìti h eujeÐa pìlwsh eÐnai mia jetikă posìthta (V = V_F ), enÿ h anĹstrofh pìlwsh eÐnai arnhtikă (V = −V_R), ìpou ta V_F kai V_R eÐnai oi apìlutec timèc twn exwterikÿn diaforÿn dunamikoÔ. ApodeiknÔetai ìti eÐnai arketĹ kală h prosèggish gia katastĹseic ìpou h apìklish apì th jermodunamikă isorropÐa eÐnai sqetikĹ mikră, ìpwc edÿ, na uiojetăsoume touc tÔpouc thc prohgoÔmenhc paragrĹfou (pou apodeÐqjhkan me thn proôpìjesh thc jermodunamikăc isorropÐac) antikajistÿntac aplĹ to V_0 me thn posìthta V_0 − V. EkeÐno pou sumbaÐnei eÐnai ìti oi enèrgeiec Fermi allĹzoun me thn efarmogă thc exwterikăc tĹshc kai paÐrnoun diaforetikă timă gia to kĹje kommĹti tou hmiagwgoÔ. ApodeiknÔetai ìti E_{F p} − E_{F n} = −qV, ìpou to q eÐnai to stoiqeiÿdec hlektrikì fortÐo. Dhladă, enÿ prin thn efarmogă thc exwterikăc tĹshc eÐqame mÐa koină stĹjmh Fermi E_F , metĹ thn efarmogă thc tĹshc èqoume tic dÔo legìmenec yeudostĹjmec Fermi, tic E_{F p} kai E_{F n}. Autì èqei wc apotèlesma tic sqèseic: E_{Cp} − E_{Cn} = E_{V p} − E_{V n} = q(V_0 − V ), pou antikajistoÔn tic exisÿseic (2.2).

p n

E_{V p}

E_{Cp}

E_{V n}

E_{Cn} E_F

p n

E_{V p}

E_{Cp}

E_{V n}

E_{Cn}

E_{F p} E_{F n}

p n

E_{V p}

E_{Cp}

E_{V n}

E_{Cn}

E_{F p}

E_{F n}

Oi sqèseic autèc, pou apotupÿnontai sto sqăma, shmaÐnoun ta akìlouja:

(1) KatĹ thn eujeÐa pìlwsh h yeudostĹjmh Fermi E_{F n} gÐnetai megalÔterh apì thn E_{F p} kai h diaforĹ metaxÔ twn orÐwn twn zwnÿn agwgimìthtac (antÐstoiqa sjènouc) meiÿnetai, Ĺra kai o fragmìc dunamikoÔ pou qwrÐzei tic dÔo perioqèc èqei mikrìtero Ôyoc kai eÐnai eukolìtera diaperatìc.

(2) KatĹ thn anĹstrofh pìlwsh h yeudostĹjmh Fermi E_{F n} gÐnetai mikrìterh apì thn E_{F p} kai h diaforĹ metaxÔ twn bĹsewn twn zwnÿn agwgimìthtac auxĹnetai kai o fragmìc pou qwrÐzei tic dÔo perioqèc gÐnetai polÔ dÔskolo na uperkerasjeÐ.

Ta pio pĹnw fainìmena epiteÐnontai apì tic allagèc kai sto plĹtoc twn fragmÿn, dhladă sto plĹtoc w thc perioqăc apogÔmnwshc. KĹnoume thn antikatĹstash V_0 → V_0 − V sth sqetikă exÐswsh (2.6) kai brÐskoume: w = √ 2ϵ(V_0 − V ) q ( 1 N_A + 1 N_D ) . KatĹ sunèpeia allĹzoun kai ta plĹth x_{n0} kai −x_{p0} : gÐnontai x_n kai −x_p : (x_n + x_p = w). Oi sqetikèc ekfrĹseic mporoÔn na brejoÔn eÔkola, an stic exisÿseic (2.7) antikatastăsoume to V_0 me to V_0 − V. To plĹtoc, loipìn, thc perioqăc apogÔmnwshc meiÿnetai katĹ thn eujeÐa pìlwsh, dieukolÔnontac akìma perissìtero th diĹbash, enÿ auxĹnetai katĹ thn anĹstrofh pìlwsh, duskoleÔontac akìma perissìtero th dièleush forèwn kai meiÿnontac tuqìn reÔmata. To anamenìmeno telikì apotèlesma eÐnai ìti ja èqoume megĹlo reÔma katĹ thn eujeÐa pìlwsh kai shmantikĹ mikrìtero katĹ thn anĹstrofh pìlwsh.

Ac exetĹsoume th dhmiourgÐa reumĹtwn kĹpwc pio leptomereiakĹ. Kat’ arqăn anazhtoÔme th sugkèntrwsh twn forèwn meionìthtac sta ìria −x_p kai x_n. Sthn katĹstash jermodunamikăc isorropÐac oi foreÐc stic dÔo pleurèc thc epafăc sundèontai me tic sqèseic (2.4):

p_{p0} = p_{n0} exp [ qV_0 k_B T ] , n_{n0} = n_{p0} exp [ qV_0 k_B T ] , (2.8)

ìpou V_0 = k_BT q ln N_AN_D n^2_i to eswterikì dunamikì pou anaptÔssetai sta Ĺkra thc zÿnhc apogÔmnwshc miac epafăc p−n kai pou lègetai dunamikì diĹqushc. (Oi diĹforec posìthtec èqoun to deÐkth mhdèn gia na eÐnai fanerì ìti ìla autĹ anafèrontai sthn katĹstash prin thn efarmogă exwterikăc tĹshc). MetĹ thn efarmogă thc exwterikăc tĹshc prèpei na kĹnoume th gnwstă antikatĹstash V_0 → V_0 − V kai na pĹroume gia tic sugkentrÿseic sta ìria twn perioqÿn (dhladă sto x = −x_p gia thn perioqă p kai sto x = x_n gia thn perioqă n) tic dÔo sqèseic:

p_p(−x_p) = p_n(x_n) exp [ q(V_0 − V ) k_B T ] , n_n(x_n) = n_p(−x_p) exp [ q(V_0 − V ) k_BT ] . (2.9) Upojètoume ìti h allagèc stic sugkentrÿseic den ja ephreĹsoun polÔ touc foreÐc pleionìthtac, dhladă p_p(−x_p) ≃ p_{p0} kai n_n(x_n) ≃ n_{n0} . ’Omwc, isqÔoun epÐ plèon oi sqèseic (2.8),opìte:

p_p(−x_p) ≃ p_{n0} exp [ qV_0 k_BT ] , n_n(x_n) ≃ n_{p0} exp [ qV_0 k_B T ] , (2.10)

kai oi sqèseic (2.9) kai (2.10) sunepĹgontai tic:

p_{n0} exp [ qV_0 k_B T ] = p_n(x_n) exp [ q(V_0 − V ) k_BT ] → p_n(x_n) = p_{n0} exp [ qV k_BT ] ,

n_{p0} exp [ qV_0 k_BT ] = n_p(−x_p) exp [ q(V_0 − V ) k_BT ] → n_p(−x_p) = n_{p0} exp [ qV k_BT ] . TelikĹ sth jèsh x = x_n (ìrio thc perioqăc n) isqÔei h isìthta

p_n(x_n) − p_{n0} = p_{n0} ( exp [ qV k_B T ] − 1 ) , (2.11)

enÿ sth jèsh x = −x_p (ìrio thc perioqăc p) èqoume thn isìthta

n_p(−x_p) − n_{p0} = n_{p0} ( exp [ qV k_B T ] − 1 ) . (2.12)

Oi dÔo exisÿseic (2.11) kai (2.12) ja paÐxoun to rìlo twn oriakÿn sunjhkÿn gia th lÔsh thc diaforikăc exÐswshc thc diĹqushc pou ja doÔme se lÐgo.

Gia na proqwrăsoume prèpei na diatupÿsoume kĹpoiec upojèseic pou gÐnontai katĹ th mèlèth thc epafăc p − n. AgnooÔntai oi allagèc stouc foreÐc pleionìthtac, epeidă h posostiaÐa metabolă (lìgw tou megĹlou plăjouc twn forèwn autÿn) eÐnai pragmatikĹ amelhtèa. O rìloc twn forèwn pleionìthtac eÐnai mĹllon pajhtikìc s’ aută th diadikasÐa: sunodeÔoun touc foreÐc meionìthtac katĹ tic metakinăseic touc, ÿste na diathreÐtai h hlektrikă oudeterìthta tou ulikoÔ. EkeÐno pou allĹzei shmantikĹ katĹ thn efarmogă exwterikăc tĹshc eÐnai h sugkèntrwsh twn forèwn meionìthtac. DhmiourgeÐtai anomoiogèneia stic sugkentrÿseic autÿn twn forèwn kai ekeÐno pou sumbaÐnei eÐnai aplĹ diĹqush forèwn meionìthtac apì perioqèc me megĹlh sugkèntrwsh se perioqèc me mikrìterh sugkèntrwsh.

Ja exetĹsoume tÿra thn kĹje perioqă (p ă n) qwristĹ. Sthn perioqă p (x ≤ −x_p) isqÔei h diaforikă exÐswsh thc diĹqushc pou dièpei th sugkèntrwsh twn forèwn meionìthtac^1: D_{np} d^2n_p dx^2 − n_p − n_{p0} τ_{np} = ∂n_p ∂t , x ≤ −x_p. Me thn upìjesh ìti exetĹzoume th mìnimh katĹstash (^{∂np}_{∂t} = 0) h exÐswsh mporeÐ na grafteÐ me th morfă:

d^2(n_p(x) − n_{p0} ) dx^2 − 1 D_{np} τ_{np} (n_p(x) − n_{p0} ) = 0,

afoÔ to n_{p0} den exartĹtai apì to x, Ĺra èqei mhdenikă (deÔterh) parĹgwgo kai den allĹzei thn arqikă exÐswsh. H lÔsh thc exÐswshc, me thn prìsjeth apaÐthsh ìti den prèpei na parousiĹzontai apeirismoÐ kajÿc x → −∞, eÐnai:

n_p(x) − n_{p0} = A_− exp + x √ D_{np} τ_{np} , x ≤ −x_p. H oriakă sunjăkh (2.12) upagoreÔei ìti sth jèsh x = −x_p prèpei na isqÔei h isìthta:

n_p(−x_p) − n_{p0} = A_− exp − x_p √ D_{np} τ_{np} = n_{p0} ( exp [ qV k_BT ] − 1 ) , opìte

A_− = n_{p0} exp + x_p √ D_{np} τ_{np} ( exp [ qV k_B T ] − 1 ) , 1Stic sqèseic pou akoloujoÔn oi suntelestèc diĹqushc D_n kai D_p qarakthrÐzontai me ènan epÐ plèon deÐkth (D_{np} , D_{pn} ) wc upenjÔmish ìti meletĹme th sumperiforĹ twn forèwn n kai p wc forèwn meionìthtac stic perioqèc p kai n antÐstoiqa. H diĹkrish tou D_n se D_{np} kai D_{nn} kajÿc kai tou D_p se D_{pn} kai D_{pp} eÐnai kat’ akrÐbeian swstă, epeidă oi suntelestèc diĹqushc (D_n, D_p) exartÿntai genikĹ apì th sugkèntrwsh twn prosmeÐxewn, h opoÐa eÐnai diaforetikă stic dÔo perioqèc p kai n. H posotikă metabolă twn D_n kai D_p ìmwc, gia sugkentrÿseic prosmeÐxewn apì 10^{14}cm^{−3} mèqri 10^{16}cm^{−3} eÐnai asămanth. H diĹkrish aută èqei nìhma gia uyhlìterec sugkentrÿseic prosmeÐxewn. EpÐ paradeÐgmati, sthn perioqă apì 10^{16}cm^{−3} mèqri 10^{18}cm^{−3} oi suntelestèc D_p kai D_n mporeÐ na metabĹllontai katĹ ènan parĹgonta perÐ to 3 o kajènac.

kai h lÔsh grĹfetai telikĹ:

n_p(x) − n_{p0} = n_{p0} ( exp [ qV k_BT ] − 1 ) exp (x + x_p) √ D_{np} τ_{np} , x ≤ −x_p. (2.13) Ex Ĺllou, sthn perioqă n (x ≥ x_n) gia th mìnimh katĹstash isqÔei h diaforikă exÐswsh: D_{pn} d^2p_n dx^2 − p_n − p_{n0} τ_{pn} = 0 pou mporeÐ na grafteÐ kai me th morfă: d^2(p_n(x) − p_{n0} ) dx^2 − 1 D_{pn} τ_{pn} (p_n(x) − p_{n0} ) = 0.

H lÔsh thc exÐswshc, me ton periorismì ìti den upĹrqoun apeirismoÐ kajÿc x → +∞, eÐnai: p_n(x) − p_{n0} = A_+ exp [ −^x√_{Dpn τpn} ] . H oriakă sunjăkh (2.11) upagoreÔei ìti sth jèsh x = x_n prèpei na isqÔei h isìthta:

p_n(x_n) − p_{n0} = A_+ exp − x_n √ D_{pn} τ_{pn} = p_{n0} ( exp [ qV k_B T ] − 1 ) , opìte A_+ = p_{n0} exp x_n √ D_{pn} τ_{pn} ( exp [ qV k_BT ] − 1 ) , kai h lÔsh grĹfetai telikĹ:

p_n(x) − p_{n0} = p_{n0} ( exp [ qV k_B T ] − 1 ) exp − (x − x_n) √ D_{pn} τ_{pn} , x ≥ x_n. (2.14) To epìmeno băma ja eÐnai o upologismìc twn puknotătwn twn antÐstoiqwn reumĹtwn, ta opoÐa ja sqetÐzontai me th bajmÐda (gradient) thc puknìthtac fortÐou me bĹsh th genikă sqèsh: J = −D ⃗∇ρ(x) = −D ⃗∇(Qn(x)), ìpou ρ(x) = Qn(x) eÐnai h puknìthta fortÐou, Q to fortÐo tou antÐstoiqou forèa, n(x) h sugkèntrwsă tou kai D o suntelestăc diĹqushc. Eidikÿtera, gia to monodiĹstato prìtupo pou exetĹzoume, brÐskoume: J_{np} (x) = −D_{np} d((−q)n_p(x)) dx =

Sqăma 2.1: Oi posìthtec^{Jpp (x)}_J ,^{Jpn (x)}_J ,^{Jnp (x)}_J ,^{Jnn (x)}_J gia aujaÐretec timèc twn paramètrwn.

= qn_{p0} D_{np} τ_{np} ( exp [ qV k_B T ] − 1 ) exp + (x + x_p) √ D_{np} τ_{np} , x ≤ −x_p, (2.15)

J_{pn} (x) = −D_{pn} d((+q)p_n(x))) dx = = qp_{n0} √ D_{pn} τ_{pn} ( exp [ qV k_BT ] − 1 ) exp − (x − x_n) √ D_{pn} τ_{pn} , x ≥ x_n, (2.16) ìpou qrhsimopoiăsame tic sqèseic (2.13) kai (2.14). Oi opèc gia x ≥ x_n diaqèontai profanÿc proc ta dexiĹ, ìpou h sugkèntrwsh eÐnai mikrìterh kai to reÔma eÐnai epÐshc proc ta dexiĹ, epeidă to fortÐo twn opÿn eÐnai jetikì. AntÐstoiqa, gia x ≤ −x_p ta hlektrìnia diaqèontai proc ta aristerĹ, allĹ, lìgw tou arnhtikoÔ fortÐou touc, to reÔma ja kateujÔnetai kai pĹli proc ta dexiĹ. Mia akìma shmantikă paratărhsh eÐnai ìti h arqă thc diatărhshc tou fortÐou epibĹllei to Ĺjroisma J twn reumĹtwn diĹqushc twn forèwn meionìthtac kai twn forèwn pleionìthtac (pou, ìpwc eÐpame ădh, akoloujoÔn touc foreÐc meionìthtac) na eÐnai anexĹrthto tou x. Aută h paratărhsh mac epitrèpei na upologÐsoume ta reÔmata twn forèwn pleionìthtac: J = { J_{pp} (x) + J_{np} (x), x ≤ −x_p J_{nn} (x) + J_{pn} (x), x ≥ x_n, Ĺra: J_{nn} (x) = J − J_{np} (x) gia x ≥ x_n, dhladă J_{nn} (x) = J − qp_{n0} √ D_{pn} τ_{pn} ( exp [ qV k_BT ] − 1 ) exp − (x − x_n) √ D_{pn} τ_{pn} , x ≥ x_n. ’Omoia: J_{pp} (x) = J − J_{np} (x) gia x ≤ −x_p, dhladă J_{pp} (x) = J − qn_{p0} D_{np} τ_{np} ( exp [ qV k_BT ] − 1 ) exp − (x + x_p) √ D_{np} τ_{np} , x ≤ −x_p. Mia epÐ plèon upìjesh eÐnai ìti sthn perioqă apogÔmnwshc ta reÔmata den exartÿntai apì to x, ìpwc Ĺllwste faÐnetai sto sqăma (2.1). To sqăma

Sqăma 2.2: Qarakthristikă thc epafăc pn

(2.1) deÐqnei, epÐshc, ìti to reÔma pou eÐnai reÔma forèwn meionìthtac sth mia pleurĹ eÐnai reÔma forèwn pleionìthtac sthn Ĺllh pleurĹ. AutĹ ekfrĹzontai sunoptikĹ me tic sqèseic:

J_{pp} (−x_p) = J_{pn} (x_n), J_{np} (−x_p) = J_{nn} (x_n).

Me bĹsh autèc tic sqèseic to olikì reÔma mporeÐ na ekfrasteÐ me to Ĺjroisma:

J = J_{pp} (−x_p) + J_{np} (−x_p) = J_{pn} (x_n) + J_{nn} (x_n) = J_{pn} (x_n) + J_{np} (−x_p).

’Ara, gia na prosdiorÐsoume to sunolikì reÔma J arkeÐ na prosjèsoume ta reÔmata twn forèwn meionìthtac sta ìria x = −x_p kai x = x_n :

J_{pn} (x_n) = qp_{n0} √ D_{pn} τ_{pn} ( exp [ qV k_BT ] − 1 ) ,

J_{np} (−x_p) = qn_{p0} D_{np} τ_{np} ( exp [ qV k_BT ] − 1 ) , J = J_{pn} (x_n) + J_{np} (−x_p) = J_S ( exp [ qV k_B T ] − 1 ) , (2.17)

ìpou to J_S = qp_{n0} √_{Dp} n τ_{pn} + qnp^0 √_{Dnp} τ_{np} lègetai reÔma koresmoÔ. H exÐswsh

(2.17) lègetai exÐswsh tou Schockley kai eÐnai kentrikăc shmasÐac gia th melèth thc qarakthristikăc thc epafăc p−n. Shmeiÿnoume ìti to reÔma isoÔtai me thn puknìthta reÔmatoc J epÐ thn diatomă A thc epafăc. H qarakth- ristikă eÐnai poiotikĹ h Ðdia m’ aută pou faÐnetai sto sqăma, pou paristĹnei thn posìthta^J_{JS} sunartăsei tou x ≡^{qV}_{kB T} . ’Opwc faÐnetai, enÿ gia eujeÐa pìlwsh to reÔma auxĹnei ekjetikĹ me thn efarmozìmenh tĹsh, gia anĹstrofh pìlwsh to reÔma paÐrnei mia mikră oriakă timă (−J_S A).

’Ena Ĺllo qarakthristikì eÐnai ìti to sunolikì reÔma sthn epafă prosdiorÐzetai kurÐwc apì thn ègqush forèwn apì thn pleurĹ me thn uyhlìterh sugkèntrwsh prosmeÐxewn proc thn pleurĹ me th qamhlìterh sugkèntrwsh. Autì faÐnetai apì th morfă thc puknìthtac tou reÔmatoc koresmoÔ J_S = qp_{n0} √ D_{pn} τ_{pn} + qn_{p0} D_{np} τ_{np} .

An, gia parĹdeigma, jewrăsoume ìti èqoume uyhlă sugkèntrwsh prosmeÐxewn sthn pleurĹ p (perÐptwsh p^+), kai lĹboume upìyh mac tic sqèseic p_{n0} ≃^{n2i}_{ND} kai n_{p0} ≃^{n2i}_{NA} , tìte J_S ≃ qn^2_i 1 N_D √ D_{pn} τ_{pn} + 1 N_A D_{np} τ_{np} . Sthn perÐptwsh p^+ ja isqÔei ìti N_A >> N_D, opìte J_S ≃ qn^2_i [ 1 N_D √ D_{pn} τ_{pn} ] = qp_{n0} √ D_{pn} τ_{pn} kai mĹlista, prokeimènou p.q. na diplasiĹsei kaneÐc to J_S arkeÐ na upodiplasiĹsei th sugkèntrwsh prosmeÐxewn N_D sthn pleurĹ n kai ìqi na diplasiĹsei th sugkèntrwsh prosmeÐxewn N_A sthn pleurĹ p.

2.3 Efarmogèc

Prìblhma 1 Se deÐgma puritÐou tÔpou n me endogenă sugkèntrwsh n_i = 1.5 × 10^{10}cm^{−3} kai me sugkèntrwsh dotÿn N_D = 10^{16}cm^{−3} emfuteÔoume bìrio kai dhmiourgoÔme mia apìtomh epafă me tetragwnikă diatomă S = 2 × 10^{−3}cm^2. An h sugkèntrwsh borÐou eÐnai N_A = 4 × 10^{18}cm^{−3} kai to sÔsthma brÐsketai se jermokrasÐa dwmatÐou, tìte:

(1) To dunamikì katĹ măkoc thc epafăc ja eÐnai: V_0 =^{kB T}_q ln^{NAND}_{n2i} = 26mV ln^{4×1018×1016}

(1.5×10^{10} )^2 = 853mV.

(2) To pĹqoc thc perioqăc apogÔmnwshc ja eÐnai:

w_0 = √ 2ϵV_0 q ( 1 N_A + 1 N_D ) =

= √ 2 × 11.8 × 8.85 × 10^{−12} × 853 1.6 × 10^{−19}

(0.25 × 10^{−18} + 1.00 × 10^{−16})cm = = 0.334μm, ìpou qrhsimopoiăsame th sqetikă dihlektrikă stajerĹ tou puritÐou (ϵ_r = 11.8). EÔkola prokÔptoun ta:

x_{p0} = w_0^{ND}_{NA+ND} = 8.3Å, x_{n0} = w_0^{NA}_{NA+ND} = 0.333Å.

2.3. EFARMOG§ES 41

(3) Ta fortÐa sthn epafă ja eÐnai

Q_+ = −Q_− = qSx_{n0}N_D ≃ 1.07 × 10^{−10}C.

(4) Tèloc to mègisto pedÐo

E_0 = − 1 ϵ qN_Dx_{n0} ≃ −5.1 × 10^4 V cm . Prìblhma 2 An s’ ènan hmiagwgì me sqetikă dihlektrikă stajerĹ ϵ_r = 13 pou eÐnai emploutismènoc me prosmeÐxeic kai twn dÔo tÔpwn oi energoÐ mĹzec twn jetikÿn kai arnhtikÿn forèwn eÐnai m^∗_n = 0.176m_0 kai m^∗_p = 1.408m_0 (m_0 eÐnai h mĹza tou eleÔjerou hlektronÐou), na upologistoÔn oi energeiakèc stĹjmec pou eisĹgontai sto energeiakì qĹsma tou ulikoÔ.

’Opwc eÐnai gnwstì,

E_C − E_D = m^∗_n m_0 1 ϵ^2_r ( m_0q^4 32π^2ϵ_0h̄^2 ) . H teleutaÐa parènjesh antiproswpeÔei thn enèrgeia Rydberg E_R ≡^{m0q4}_{32π2ϵ0h̄2} = 13.6eV, opìte E_C − E_D =^{m∗n}_{m0}^1_{ϵ2r} E_R = 0.176^1_{(13)2} 13.6eV = 14.1meV kai parìmoia E_A − E_V =^{m∗p}_{m0}^1_{ϵ2r} ϵ_R = 1.408^1_{(13)2} 13.6eV = 113.1meV.

Prìblhma 3 Jewrăste ènan hmiagwgì me energeiakì qĹsma E_G = 1.1eV kai N_C = N_V . An o hmiagwgìc autìc èqei prosmeÐxeic tÔpou dìth me sugkèntrwsh N_D = 10^{15}cm^{−3}, stĹjmh dotÿn E_D = E_C − δE, δE = 0.2eV kai enèrgeia Fermi E_F = E_C − ΔE, ΔE = 0.25eV, na upologisteÐ h endogenăc sugkèntrwsh n_i kajÿc kai oi sugkentrÿseic hlektronÐwn kai opÿn stouc 300K. H pijanìthta katĹlhyhc thc E_D eÐnai h katanomă Fermi -Dirac f(E_D) = 1 1+^1_2 exp[^{ED−EF}_{kB T} ] = 1 1+^1_2 exp[^{50meV} 26meV ] ≃ 0.2262. Ex Ĺllou h pijanìthta diègershc apì thn E_D isoÔtai me thn pijanìthta 1 − f(E_D) mh katĹlhyhc thc E_D : n = (1 − f(E_D))N_D = 7.738 × 10^{14}cm^{−3}. AllĹ n = N_C exp[−^{EC −EF}_{kB T} ] ⇒ N_C = n exp[^{EC −EF}_{kB T} ] = 7.738 × 10^{14}cm^{−3} exp[^{250meV}_{26meV} ] = 1.16 × 10^{19}cm^{−3}, kai apì thn paradoqă thc Ĺskhshc: N_V = N_C = 1.16 × 10^{19}cm^{−3}. ’Ara

n_i = √ N_C N_V exp [ − E_G 2k_B T ] = 1.16 × 10^{19}cm^{−3} exp [ − 1100meV 2 × 26meV ] = = 7.54 × 10^9cm^{−3}.

EnallaktikĹ

p = N_V exp [ − E_F − E_V k_BT ] = N_C exp [ − E_F − E_V k_BT ] =

= N_C exp [ − E_C − ΔE − E_V k_BT ] = N_C exp [ − E_G − ΔE k_B T ] = 7.35 × 10^4cm^{−3},

opìte n_i = √ np = 7.54 × 10^9cm^{−3}. Tèloc parathroÔme ìti o ionismìc twn dotÿn eÐnai:^{N +D}_{ND} = 1 − f(E_D) ≃ 0.7738.

Prìblhma 4 Jewrăste epafă p−n me sugkentrÿseic prosmeÐxewn N_A = 10^{18}cm^{−3} sthn pleurĹ tÔpou p kai N_D = 5 × 10^{15}cm^{−3} sthn pleurĹ tÔpou n. DÐdetai h endogenăc sugkèntrwsh n_i = 1.05 × 10^{10}cm^{−3} kai h sqetikă dihlektrikă stajerĹ ϵ_r = 11.8. (1) UpologÐste ta epÐpeda Fermi stic dÔo perioqèc (2) UpologÐste to dunamikì epafăc (3) An h epafă èqei kuklikă diatomă me aktÐna r = 5μm, upologÐste ta x_{n0}, x_{p0}, Q_+ kai to hlektrikì pedÐo E_0 thc epafăc gia T = 300K.

(1) Upojètoume ìti èqoume olikì ionismì, dhladă n ≃ N_D, p ≃ N_A. Tìte apì thn n = n_i exp[^{EF n−Ei}_{kB T} ] prokÔptei ìti: E_{F n} − E_i = k_BT ln (_{ND} n_i ) ≃ 330meV. ExĹllou apì thn p = n_i exp[^{Ei−EF p}_{kB T} ] prokÔptei ìti: E_i − E_{F p} = k_BT ln (_{NA} n_i ) ≃ 468meV. (2) qV_0 = k_BT ln (_N AN_D n^2_i ) = 798meV. ParathroÔme ìti isoÔtai me to Ĺjroisma twn E_{F n} − E_i kai E_i − E_{F p}, ìpwc ja èprepe.

(3) Sunolikì plĹtoc thc perioqăc apogÔmnwshc w_0 = [_{2ϵV0} q (_1

N_A + 1 N_D )]_{1/2} . UpenjumÐzoume ìti ϵ = ϵ_rϵ_0, ϵ_0 = 8.85 × 10^{−12 Cb2}_{Nm2} , opìte w_0 = 0.457μm. Me bĹsh autì to apotèlesma brÐskoume x_{n0} =^{NA}_{NA+ND} w_0 ≃ 0.455μm, x_{p0} = N_D N_A+N_D w0 ≃ 0.0023μm kai Q+ = q(πr

2)x_{n0}N_D = 2.85 × 10^{−4}Cb, E_0 = −^q_ϵ x_{n0}N_D =^q_ϵ x_{p0}N_A = −3.48 × 10^{4 V}_{cm} .